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A STUDY OF THE DYNAMICS OF TRAIN MOTION 
WITH SPECIAL REFERENCE TO THE THEORY AND THE APPLICATIONS 
OF SPEED-TI:ME, DISTANCE-TIME AND SPEED-DISTANCE CURVES. 
I. INTRODUCTION. 
1. The Problem of Railway Engineers. 
2. The Dynamics of Train Motion and Its 
Relation to Railway Problems. 
3. The Object of this Paper. 
In the early days of railroading and also in the per-
iod of rapid trunk line expansion, the questions of speed, 
safety and economical train operation in the present sense, 
were rather secondary problems to railway officials and to 
the general public as well. But, today, when the demand for 
safety, speed and low rates is so acute under the economic 
conditions and the government regulations which prevail, these 
problems have become so important that the fate of a railroad 
often depends upon its ability successfully to solve them. 
Most of the effort of railway engineers is directed primarily 
toward the mo,vemen t of trains economically and safely. Inso-
far as both these objects are not attained, this effort is 
ineffective. Such solution depends in no small measure upon 
an accurate knowledge and appreciation of the dynamics of 
train motion. 
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The Dyna.mies of Train Motion is a certain special 
branch of applied mechanics, in which we study the dynamic 
principles which govern the motion of railway trains, and es-
pecially the nature and magnitude of the forces acting upon 
the train and also the means of producing the complete diagram 
of the motion. An accurate knowledge of the forces - tractive 
effort, train resistance and braking force - and of the pro-
duction or elimination of these forces, has, no doubt, a very 
important bearing on the design, construction, maintenance and 
economical operation of railways. Further, the motion dia-
grams or "speed curves" - speed-time, distance-time, and speed-
distance curves - which, as will be seen later, serve as the 
connecting links between the dynamic a.nd economic phases of 
railway train operation, are the most important means available 
in the scientific solution of such problems as economic tonnage 
ratings, selection of proper and most economical locomotives 
for a given division, determination of energy or fuel and 
water consumption, construction of proper train schedules, 
railway location and re-location, etc., which make up the 
general problem - safe and economical train operation. 
The objects of this thesis are: 
1. To study the dynamic principles of railway 
train motion. 
Z. To investigate the character of the forces 
acting upon the train in motion. 
3. To develop the method of producing motion 
diagrams. 
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4. To illustrate the application of the motion 
diagrams to the solution of the railway problems mentioned 
above. 
II. REVIEW OF SOME FUND.A1'r:ENTAL PRINCIPLES OF MECHANICS. 
Trains. 
A. The First Law of Motion and the Motion of Trains. 
B. The second Law of Motion and the Equation of 
Motion. 
C. Distance, Speed, and Acceleration. 
1. Displacement and distance. 
2. Velocity and speed. 
3. Acceleration. 
4. Acceleration of railway trains. 
D. Work and Energy. 
1. Work 
2. Energy, potential and kinetic. 
a). Kinetic energy due to translation. 
b). Kinetic energy due to rotation. 
A. ~he First Law of Motion and the Motion of Railway 
A statement of Newton's first law of motion reads: 
"Every body persists in its state of rest or of uniform motion 
in a straight line, unless it be compelled by some force to 
change that state". Due to this law and as our- every-day ex-
perience shows, in order to start a train from rest an appli-
cation of a certain force is necessary; and to maintain the 
uniform motion of the train the continuous application of a 
certain force is also necessary, since a train in motion is 
constantly opposed by numerous resisting forces. Further, to 
reduce the speed or to stop a train a sufficient a.mount of 
force which acts against the motion of the train must be ap-
plied. Thus, the most important factors in the motion of 
railway trains are: Firstt the force which starts a train 
from rest and accelerates and t:hen maintainsi ts proper speed; 
secondt the resisting forces acting against the starting and 
the motion of the train; and third, the force which reduces an 
excessive speed or stops the train at a desired point within 
a given time. These three classes of forces are usually call-
ed tractive effortt train resistance and braking force, re-
spectively. When the values of these forces are accurately 
known. the speed or the motion of a train can be computed by a 
very simple formula derived in the next article and the study 
of train motion is no longer a difficult problem. The accur-
ate determinationt howevert of tractive effortt train resist-
ance, etc. is difficult. These problems nevertheless being 
of great economic importance in railway operation as well as 
of great interest for railway engineers, have been studied by 
many prominent engineers and investigators. As a consequence, 
fairly accurate information on these subjects has been accum-
ulated and a sufficiently precise predetermination of train 
motion is now possible. 
B. The Second Law of Motion and Equation of Motion. 
The second law of motion states that the rate of change 
of the momentum of a body is proportional to the force acting 
on the body and is in the direction of the force. Reducing 
this to a mathematical expression, we have 
t 
where Fis the force acting on a mass m and changes its ve-
locity from v1 to v2within a time interval, t. Then, intro-
ducing a certain constant k and expressing by a the acoel-
eration, we have 
But, (v2 - v1 ) + t = a, hence 
F = kma. 
The numerical va.lue of k in the above equation depends on 
the units employed for expressing the values of force, mass 
and acceleration and when we use the weight of a pound as 
the unit of force, 32.2 pounds as the unit of mass, and one 
foot per second per second as the unit of acceleration, k 
becomes unity and 
F = me.. • • • • • . • • • • • • • • • . • • • • • • • ( 1) • 
Similarly, if Wis the weight of a body and g the acceler-
ation due to gravitation, 
or 
and (1) becomes 
W = mg, 
m = Vl/g 
..................... (2) 
The equation (1) or (2), though very simple in 
its form, i ,s the fundamental formula or equation of motion 
and has extensive application in the study of the motion of 
railway trains. It may be noted here that in this formula 
the point of application of Fis understood. to be at the mass 
center and Fis the component, along the direction of motion 
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of the train, of the effective or resultant force; but in any 
actual case of train motion accurate determination of the mass 
center and the point of application of the effective force is 
practically impossible. This formula, however, is successful-
ly used by assuming that the effective force is acting on the 
mass center, the error due to this assumption being automatic-
ally corrected by including in the train resistance the resis-
tance due to oscillation of the train, which is, no doubt, 
caused by the excentricity of application of the effective 
force. 
c. Distance, Speed, a,nd Acceleration. 
1. Displacement and distance. - A displacement, that is, 
a change of position of a body, has no reference to time in-
volved and its specification consists in the statement of the 
length and the direction of the motion by which the body 
changes its position. Thus, distance or length is implied by 
the term displacement and it represents the magnitude of dis-
placement of a body. 
2. Velocity and Speed. - Velocity is defined as the 
time rate of displacement. Its specification is, then, neces-
sarily the statement of the distance, time, and direction. 
The magnitude of velocity, or speed may be expressed, accord-
ing to the definition as 
or 
, . .., 
-~ 
,a: = 
'. 
• • • • • • • • • • • • • • • ( 3) d-e -dt 
in which vis the magnitude of velocity, s the magnitude of 
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displacement and t the time. 
3. Acceleration. - The time rate of change of velocity 
is called acceleration. It is specified by its magnitude in 
distance and in the time element, and by the direction of the 
force which acting upon the body accelerates (or retards) it. 
The mathematical expression of acceleration can be readily de-
duced from the definition as follows: 
or ..s.i!... a = dt • • .• • •.•.• ' .• (4) 
But, v = ds/dt, hence 
a= d2s dt2 •••••••••••••••••••••••• (5) 
4. Acceleration of railway trains. - The equations (3) 
(4) and (5) may be rewritten respectively as follows: 
v = j adt 
s = j vdt 
and s = Jj adt~ 
It may be observed here that if the acceleration, a, be a con-
stant or some simple function of time t, these equations can 
be easily integrated and the speed and distance at any instant 
can be computed. In the case of railway trains, however, the 
acceleration or the effective force which accelerates the train 
is not a constant nor any function of time, but a function of 
speed, and as will be seen later, not one which can be determin-
ed easily. 
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D. Work and Energy. 
1. !9.!'!.· - When a body is displaced through a certain 
distance by a force acting on it, work is said to be performed 
by the force, and its measure is the product of the force and 
the distance, that is 
Work done= FS, 
where Fis the component of the force and S the distance both 
measured along the path of the body. If Fis a variable, we 
have 
Work done= j Fds, 
and it is computable when the relation, F = f(s) is known. 
2. Energy. - When a body, by virtue of its position or 
velocity, is capable of doing work in undergoing a change of 
that state, it is said to possess energy. Potential energy is 
due to the position of a body relative to some standard of re-
ference, and is measured by the work the body can do while 
changing its position relative to the standard reference. For 
instance, if the first position of a body, whose weight is W, 
is at the elevation h1 and its second position h2 , then the 
potential energy of the body at the first and the second is 
Wh1 and Wh2 respectively, and the change in its potential ener-
gy is W(h1 - h2 ). A railway train has always a great amount 
of weight and it changes its elevation, hence the potential 
energy becomes a very important factor in the motion of railway 
trains. Kinetic energy is the energy due to the velocity or 
motion of a body, and is measured by (l/2)mv2 , where m denotes 
the mass of the body and v the velocity. Since a railway train 
has a great mass and often very great velocity, the kinetic 
energy becomes also a very important factor in the train motion. 
a). Kinetic energy due to translation. - If a body in 
translation with a velocity v encounter a constant resisting 
force F, it will reduce its velocity gradually, but will move, 
before coming to rest, through a distance, says. Then the 
work done by this force or the work done by the body due to its 
kinetic energy, 
Kt = Fs. 
But, s = (1/2)at2 , F = ma, and v = at, 
Kt = ma( -Lat2 ), 2 
2 
= ma(..:!__) 
2a 
= ....!_mv2 • 2 
Hence, the kinetic energy due to the translation of a body whose 
mass ism and velocity vis expressed directly by l/2 mv2 • It 
may also be easily proved that the change of kinetic energy due 
to the translation of a body who-s-e mass ism and its initial 
and final velocities v1 and v2 respectively, is equal to 
• • • • • • • • • • • • • • • • • • • . ( 6) 
Formula (6) holds good also when the force acting on the body 
is not constant. The proof is simple and may be found in any 
text book in physics. 
b). Kinetic energy due to rotation. - Let us consider 
an elementary mass dm rotating around the axis o with the angu-
lar acceleration o< , and angular velocity w , and assume that 
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the axis coincides 
with the mass center 
of the rotating body. 
Then the kinetic 
energy of d.rn, 
= 1 dmv2 
2 
but V ;: f w , BO 
and by integration we get the total kinetic energy due to the 
rotation of the body, 
But the valueff 3drn orjf /f3 d e df d.x is the second moment or 
moment of inertia I, then 
K = ! llJz I' 
r 2 
_ 1 zk2M' 
- - to • 
2 
since the moment of inertia is equal to the square of the rad-
ius of gyratioh k, times the total mass M. Similarly we have 
for the change in the kinetic inertia due to change in the 
angular velocity from u;, to a;~ 
• • • • • • • • • • • • • • • • • • ( 7 ) • 
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III. MOTIVE FORCES OF TRAIN MOTION. 
A. Motive Forces. 
B. Forces of Motive Powers. 
l. Motive powers. 
2. Tractive effort of steam locomotives. 
3. Tractive effort of electric locomotives. 
4. Tractive effort of other motive powers. 
c. Kinetic Energy or Inertia' Force of Trains in 
Motion. 
1. Inertia force due to translation. 
2. Inertia force due to rotation. 
3. Total kinetic inertia forces of a train. 
D. Potential Energy or Gravitational Force of 
Trains. 
E. Force of Wind. 
A. Motive Forces. 
By the "motive forces of train motion". we mean any 
dynamic force or forces which. acting on a railway train. 
effect the motion of the train in a desired direction. The 
proper function of a motive force is to overcome constantly 
the enormous amount of the train resistance~. both inherent 
and incidental, and to accelerate or keep uniform the motion 
of a train. The tractive effort or drawbar pull of motive 
powers is intended solely to perform this important function; 
while the kinetic energy or inertia force of a train and the 
potential energy or gravitational force also act as motive 
forces according to certain physical laws , no matter whether 
they are desirable or not. Among these motive forces. that 
of the motive powers is of paramount importance, but we should 
l~ 
not lose sight of these secondary but uncontrollable forces, 
as they have a great influence on the motion of railway trains. 
B. Forces of Motive Powers. 
1. Motive powers. - In railroad parlance by a "motive 
power" is meant any contrivance which develops a dynamic force 
for the traction of itself and of a train of cars following 
it. Practically speaking, the motive power used in railway 
transportation is only the steam locomotive, although the 
electric locomotive, which is of rather recent introduction, 
is gaining a footing in railway traction. A motive power which 
is under development is the Diesel engine locomotive, which 
is prophesied to become the most economical railway motive 
power in the future. Its success at the present time is, how-
ever, somewhat doubtful. For certain purposes, some cars or 
trains of cars have their motive power installed on themselves. 
The street cars, motor car trains, storage battery care, gas 
engine cars, gas-electric cars and some others belong to this 
class. Each of these has certain advantages and may be exten-
sively employed in fields for which its merits are recognized. 
2. Tractive effort of steam locomotives. - A steam 
locomotive is practically a constant power prime mover, hence 
its tractive force is not a constant value, but varies inverse-
ly with speed: In fact, the tractive force is a function not 
only of speed but of many other variables. For its practical 
application, however, it is necessary and sufficient to ex-
press the tractive force in term of a single variable, speed, 
. /; 
li 
that is by defining its speed-tractive effort or speed-pull 
relation. 
For the _determination or estimation of this speed-pull 
relation of a steam locomotive, there are at least four differ-
ent methods. They are: (1) the method in which the relation 
is computed from speed and dynamometer records obtained in a 
locomotive laboratory test, (2) the relation is computed from 
the drawbar pull and speed records of a dynaraometer car test, 
(3) the relation is computed from steam indicator diagrams and 
speed records of a "road test", and ( 4) the relation is eeti-
mated by means of a formula. The first two methods are equal-
ly direct and accurate, and are regarded as the standard methods 
for the determination of the speed-pull relation. The third or 
the road test method, being the only one known for this sort 
of investigation before the introduction of the dynamometer 
car, has been popularly employed and is still in use when a 
dynamometer car or a locomotive testing plant is not available; 
although tests by this method are made under many difficulties 
and the result obtained is naturally not so reliable as that 
of the first two methods. The:fburth method mentioned above 
is not a direct method but the relation is estimated by a form-
ula which is a generalization of known speed-pull relations of 
other locomotives, determined by reliable direct or actual 
tests. At present, however, we have not enough experimental 
data to make a complete generalization, so that the formula 
or method must be largely empirical, and consequently the 
relation estimated by this method is not so reliable as those 
determined by actual tests. Nevertheless, the estimation can 
be made within ordinarily desired limits of accuracy, and, 
moreover, the time and labor required is extremely small com-
pared with other methods. The fair accuracy and simplicity of 
this method makes it the most convenient and satisfactory,but 
it is good only if an accurate and reliable formula be estab-
lished. 
Further study of the subject of steam locomotive trac-
tive effort will be postponed to the next chapter. Here only 
the speed-pull diagrams of typical locomotives, reproduced 
from the most reliable tests will be exhibited. (See Figs. 2 
and 3). 
3. Tractive force of electric locomotives. - The speed-
pull relation of electric locomotives could properly be deter-
mined by means of a dyna.rnometer car or a locomotive testing 
plant as in the case of steam locomotives. On account of the 
simplicity of the power transmission mechanism between the 
motors and the drawbar, and the regularity of performance of 
the motors, the speed-pull relation of an electric locomotive, 
however, is very easily and accurately determined when the 
speed-torque relation of the motors is obtained by an ordinary 
laboratory test, which is, no doubt, less expensive than the 
other methods. Figs. 4 and 5 show the speed-pull relation of 
typical electric locomotives. 
As mentioned before, unlike a steam locomotive, the 
intrinsic function of an electric locomotive is very simple -
merely the transfarnatia'l of high grade electric energy to high 
grade mechanical energy - and its performance is not materially 
disturbed by the surrounding or operating conditions. 
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Consequently, its energy consumption, work done, capacity, 
etc., which have an important relation to the central and sub-
station design and operation and also to some larger railway 
economic problems, can be very definitely estimated. This 
point will be more fully discussed in~ chapter X. 
4. Tractive effort of other motive powers. - The speed-
pull relation of electric cars is similar to that of electric 
locomotives, whether they receive energy from a power station, 
a storage battery,or are directly connected (electrically) to 
gas engines, and it depends only upon the system and design 
of the motors. Fig. 6 exhibits the speed-current-torque rela-
tions of typical electric traction motors which are conunonly 
used on street cars and motor car trains. No experimental 
data showing the speed-pull relations of the Diesel engine 
locomotive, gasoline engine cars, and compressed air locomo-
tiveA are available. Fig.? shows the general character of 
the speed-pull relation of a gas-electric locomotive. 
C. Kinetic Energl or Inertia Force of Trains in Motion. 
1. Inertia force dueto translation. - It was 
shown in the preceding chapter, that the kinetic energy of a 
body due to translation could be expressed by the formula, 
and that, by the principle of the conservation of energy, it 
is equivalent to the work done, FS. 
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Then 
or 
1 ( 2 2) FS = 2M vl - v2 
1 vf v2 
F = -M ( - 2 ) • • • • • • • • • • • • • • • • • • • ( 1 ) 
2 s 
Equation (1) may be interpreted as follows: (1) if the ini-
tial velocity v1 is less than the final velocity v2 , Fis the 
force constantly required to accelerate the motion of a train 
from v1 to v2 when the displacement during the velocity change 
is s, and it is the force which increases the kinetic energy 
of the train by l/2M(V~ - V~); (2) if v1 is greater than v2 , 
Fis the kinetic inertia force which maintains the motion 
during the velocity change against · a greater resisting force, 
and is the force transformed from the kinetic energy which was 
previously stored in the tr.ain. Thus, when the speed of a 
train is coming down from v1 to v2 , the force equivalent to 
1/2 M(V~ - v~)/S acts as a motive force. 
Expressing the terms in (1) in units commonly used in 
railway engineering, that is, Fin pounds, Min tons (2000 lb.), 
Vin miles per hour, and Sin feet, we have 
or 
V2 2 1 - V2 F = 66.7W( ) lbs. 
s 
2 2 
• • • • • • • • • • • • • • • • ( 2) 
F 66 .7(V1 - V2) = lbs. per ton • • • • • • • • • ( 2') 
s 
!. Kinetic energ£Y or inertia force due to rotation. 
In the preceding chapter it was also shown that the kinetic 
energy due to rotation of a body around the axis through its 
mass center could be expressed by the formula, 
and that it was equiva.lent to the work done, FS or F r, if F 
is the tangential force whose point of application is at r from 
the a.xis of rotation. then 
l k 2 _--21 w2 
F = -M'- r 2 (.!rf - - 2 ) 
2 r2 S 
1 k2 vf - vi 
= ? ' -r2 ( ) . • • • • • • . . • • • . . • . . ( 3 ) s 
or in units used in railway engineering, 
. . . . . . . . . . . . (4) 
or 
lbs. per ton •••••••• 
3. Total kinetic inertia force of a train. - When a 
railway train is in motion its entire mass is in translation, 
but certain parts, such as wheels. axles. etc. are in rotation 
as well as in translation. and have additional kinetic energy 
due to their rotation. which amounts. roughly speaking, to 
about five percent of the energy due to translation in ordinary 
trains and about ten percent in street cars and motor car 
trains. 
Let us consider the case of steam or eleotric locomo-
tive trains (excluding the locomotive and tender) and suppose 
the weight of the train is Wand the weight of the parts which 
rotate is W'. Then the total kinetic inertia force of the 
train is equal to the sum expressed by the equations (2) and 
(3), or 
But. the linear velocity and the displacement of a point on 
the periphery or the tread of the car wheels are necessarily 
equal to the velocity and the displacement of the train respec-
tively, so we have 
2· · 2 2 
F = (66.7W + 66.7W'~) V1 - V2 lbs. 
. r s 
F (66.7 + 66.7 W' k2 v2 - v~ or = 2) l lbs. per ton {5) ... 
w r s 
The average weight of a pair of wheels and their axle is about 
1950 lb.,* then 
W' = 1950 nN lb., 
in which N is the number of cars in the train and n the aver-
age number of axles per car. If n = 4, 
W' = 3. 9N tons. 
The average value of k/r for a pair of wheels and their axle 
* E. C. Schmidt: "Freight Train Resistance: Engineering Exper-iment Station, University of Illinois, Bulletin No.43, p.89. 
1910. 
"' . 
* of various design is found to be about 0.64, and consequently 
2 N vf - v~ F = (66.? + 66.? x 3.9 x 0.64 x -) lbs. per ton, 
w s 
or F = (66.7 + 106.?~)Vf - V~ lbs. per ton ••• (6) 
s 
This formula may be expressed in terms of a constant 
acceleration. Since (vi - v~) = 2i ;dv and 2 } vdv = v2 , 
equation (6) becomes 
N v2 
F = (66.7 + 106.7w)""s 
but since V = at (3600 + 5280)2 and S = l/2 at2 , and a= 
(5280 + 3600)A miles per hour per second, we get from above 
equation 
N F = (91.0, , + 145.5i) A. lbs. per ton ••••.• (7) 
Formulas (6) and (7) are accurate and may be used in the com-
* putationsof train resistance investigations, etc. In certain 
cases, however, the following approximate formulas** will give 
-------------------------------·------------------------------
* E. c. Schmidt, "Freight Train Resistance", Bul. 43, p. 90. 
** G. R. Henderson, "Locomotive Operation", 2nd ed., p. 2-10; 
A.M.Wellington, in hia"Economic Theory of Railway Location", 
states: "Estimating ordinary car wheels to weigh 2.25 tons per 
8-wheeled car, or 561 pounds per wheel, the ratio of the weight 
of the wheels to the total weight will be about: 
In a Passenger 
or Loaded Fre-
ight cars. 
In an Empty 
Freight 
Cars 
In Locomo-
tive and 
Tender. 
Weighing • • • • • • • • • • • • • . . • 22.5 tons 
Percent of weight of wheels 10.0 p.c. 
Making an addition to the total 
9. tons 
25. p.c. 10 - 12.5 
energy of the train of about 5.0 p.c. 12.5 p.c. 6 - ?.5 p.c. 
From this data, he concludes that 6 percent to be the average 
percentage of rotating energy to the total. 
2i 
sufficiently accurage values of F: 
lbs. per ton . . . . . . . . . . . . ( 6' } 
F = 95.5A lbs. per ton .................. ( 7' ) 
and for electric cars* 
F = lOOA lbs. per ton ••.••••••••••••••••• (?") 
D. Potential Energy or Gravitational Force of Trains. 
A railway train at a certain elevation does work, 
by the action of gravitational force or due to its potential 
energy, when it is allowed to come down to a lower elevation, 
and vice versa. The change of potential energy or the work 
done on the train is measured by 
W(h1 - h2 ), 
where W denotes the weight of a train, and (h1 - h2 ) the change 
in its elevation. In this formula the direction of Wis al-
ways vertical, but its component along the direction of motion 
--------------------------------------------------------------
* A. :M. Buck: "The Electric Railway", p. 16. 
A. H. Armstrong: 11.Zlectri c Traction", Standard Handbook for 
Electrical Engineers, 3rd ed., p. 971-9?4. He gives: 
Percent of Total Tractive Effort Consumed in Rotating 
Electric locomotive and heavy freight train •..•.•••• 
" " " high speed passenger train ••• 
" high speed motor cars •••••.•••••••••••••.• 
" low " " " ••••••••••••••••.•.••. 
Parts. 
5.% 
7 .'/o 
7.% 
10.% 
of the train, say F, is readily found thus: 
Fx(Displacement along the 
track, AB) . = W(h1 - h2 ), 
then 
F = (h1 - h2) W, 
AB 
F=...M}__W. 
AB 
But, when the angle ABC is very small, as is the case on most 
railroad tnacks, the length AB is practically equa.l to BC, then 
F = ..E__ W. 
BC 
Expressing Fin lbs., Win tons, and the gradient AC/BC as G, 
in percent, we get from above equation 
or 
G 
F = - x 2000V/ 
100 
= 20 WG lbs., 
= 20G lbs. per ton ............ ( 8) • 
If, however, the gradient is expressed in G' feet per mile, 
we have 
or 
F = _g___ x 200 W, 
5280 
= 0.3?9WG' lbs.• 
= 0.379 G' lbs. per ton . . . . . . . ( 8 t ) 
The force F of formulas (8) and (8') acts as motive force when 
the train is on a decending grade, but acts as a resisting 
force when it is on an ascending grade, and in the latter case 
it is called "grade resistance". 
E. Force of Wind. 
A wind blowing in the direction of motion of a train, 
acts also as a motive force and its magnitude may be computed 
from the formula, 
F = 0.0025A(V2 ) 
w w 
in which Vw is the c~o~nt of the wind velocity parallel to 
the direction of motion of the train in miles per hour, and A 
the exposed area in square feet of the rear end of the train. 
In ordinary operating conditions the value of Fw lbs. per ton 
is insignificant compared with other motive forces, and be-
sides its aid is so uncertain that we can never rely upon it. 
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IV. TRACTIVE EFFORT OF STEAlvl LOCOMOTIVES. 
A. Processes in Steam Locomotives. 
B. A Study of Tractive Effort Formulas. 
1. Fundamental fol,mulas. 
a). T = cpld2/D. 
b). T = 375(H.P. )/V , 
2. Formula based on T = cpld2/D. 
a). Speed factor methods. 
b). Im1roved speed factor methods. 
1 . New Baldwin method. 
2. Kiesel's formula 
3 • Strahl'e formula 
4. Young's method. 
3. Formula based on T = 3?5(H.P.)/V. 
a). Goss' formula and Houston's modifica-
tion. 
b). Troske's formula. 
c). WillieJnson's formula. 
d).Houston's formula. 
e). Shutleff's or A.R.W,.A. method. 
4. Comparison of the results of the formula 
with test curves. 
A. Processes in Steam Locomotives. 
The steam locomotive is a complete power plant in 
which the chemical energy stored by nature in fuels - usually 
coal -, is transformed, by the combµstion of the coal in the 
furnace, into thermal energy which is absorbed by the boiler 
water throu gh the heating surfaces; and the steam thus gener-
ated is transferred to the engine cylinders after being perhaPs 
superheated , where the thermal energy is transformed into me-
chanical energy and then transmi t ted to the drawbar through a 
certain mechanism. , Any factor or element involved in these 
1 
long and complicated processes of transformation and transmis-
sion, therefore, must have some influence on the final value 
· of the tractive effort or drawbar pull of a steam locomotive. 
B. A Study of Tractive Effort Formulas. 
1. Fundamental formulas. - Let T denote the tractive 
effort, that is, the force exerted by the steam in the cylin-
ders of a locomotive measured at the periphery or tread of the 
driving wheels, in pounds; IJ)° the diameter of the drivers, in 
.-,/ 
inches; p the boiler pressure in lbs. per sq. in.; 1 the length 
of stroke of the piston, in inches; and ca certain constant. 
Then, since the work done by the steam in the two cylinders 
(simple, two-cylinder locomotives) during each two strokes of 
a piston is equal to the work done by the driving wheels dur-
ing one revolution, we have 
n:d2 TnD = 2(cp (21)) 
4 
T = cpld2 
D . . . . . . . . . . . . . . . . . . . . . . . . . . 
Another fundamental formula or relation is derived 
(I) 
from the definition of horsepower, H.P., that is, one horse-
power is 550 foot-pounds per second. Then, the horsepower of 
a locomotive, whose tractive effort is Tin pounds and whose 
velocity is Vin miles per hour, is 
H.P. 
or 
T = 3? 5 (H.P.) 
v 
. . . • • • . • • • • • • • . • . . . • • • • • ( I I ) 
These two formulas, as they stand now, are perfectly 
rational bein.g derived from rigid definitions and laws of me-
chanics. They are, however, of little practical value unless 
the arbitrary constant c in (I) or (H.P.) in (II) is expressed 
in terms of variables of which c or (H.P.) is a function. In 
fact, the different formulas and methods for estimating or 
predicting the tractive effort of a, steam locomotive di:r1·er 
only in this regard. 
2. Formulas based on the relation, T = cpld2/D. - With-
out any exception, all the tractive effort formulas published 
before 1900, a,re in the form of T = cpld2/D. To this class 
belong the following formulas: 
1. Henderson (Master Mechanics •) formula. 
2. Henderson's Formula (Locomotive Operation). 
3. Henderson's Hyperbolic Formula. 
4. Old Schenectady Locomotive Works Formula. 
5. University of Illinois Formula. 
6. Adams and Isaac's Formula. 
?. Cole's Formula (American Locomotive Company). 
These formulas differ only in the value of c, which, 
being assumed to vary only with speed, i.s called the "speed 
factor" of T, (T = pld2/n). The speed factors were obtained 
(1) from actual tests, usually with a single locomotive although 
in some cases with more, (2) by combining the results arrived 
at by previous investigators, and deducing from them an average 
value for different speeds. For many years some of these 
formulas were popularly employed , probably on account of their 
simplicity in calculation ,but partly for lack of better ones. 
The speed factor methods are rather unpopular today. This, 
however, is not the fault of the fundamental formula they are 
based upon, but of substituting the speed factor for the ar-
bitrary constant c, which is a function not only of speed but 
also many other important factors. 
With this fact in view the two following improved form-
ulas were recently developed and published: 
8. New Baldwin Formula*. 
9. Kiesel's Formula**· 
In the new Baldwin formula, the arbitrary constant. c 
is considered as a function of speed and also of the ratio of 
rated tractive effort to heating surface, while in Kiesel's 
formula c is a function of heating surface, evaporation ratio 
and weight per cubic foot of steam under the condition of in-
itial pressure. These two formulas, being the best developed 
( except one or two later to be . discussed) among the formulas 
of this class, are generally found to give more satisfactory 
results than any of the other formulas mentioned above. 
In 1913, a prominent German railway engineer published*** 
a tractive effort formula, which is claimed to agree well with 
' 
-------------------------------------------------------------
* Baldwin Locomotive Works: Locomotive Data, p. 14, (1914) 
** Wood: "Locomotive Operation and Train Control", p. 26. 
*** Strahl: "Verfahren zur Bestimmung der Belastungsgrenzen 
der Dampflokomotiven. 11 Zeit. d. Ver. deut. Ing . vol. 5? 
p. 251, ( 1913). 
the performance of European locomotives. He assumed that the 
variation of tractive effort of any locomotive with speed 
could be expressed by the following empirical formula (simply 
an algebraic expression for speed factor); 
2.d 
= 0.6(2 - x) + x 
in which z1 is the cylinder tractive effort at any speed v, Zt 
the same at vt, the speed at which the water rate is least, or 
in other words, t.he speed at which the locomotive develops the 
maximum horsepower,since he assumes that the total evaporation 
per hour of a locomotive is constant; a.nd x represents the 
ratio, v:v'. The evaporation in a locomotive boiler per hour 
is estimated by the following formula: 
= a 
R 1 + (bR/H) 
where~ represents the total evaporation in kg. per hr., R 
the area of grate surface in sq. meters, H the heating surface 
in sq. meters, bis a constant found to be? for any locomo-
tive, and a an arbitrary constant which has the following 
values: 
a= 3800, for superheated steam locomotives, 
a = 400,0, for two-cylinder compound engine saturated 
steam locomotives, 
a= 4250, for any other saturated steam locomotive. 
He gives the following mean values of steam consumption per 
metric horsepower-hour at the maximum power of locomotives of 
different types: 
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For sa.turated steam simple engine locomotives 11.5 .kg. 
" 
II II 2-cylinder compound engine 
1 o c omo t iv e s . • • • . . . . . • • • • 9 • 7 5 kg • 
For saturated steam 4-cylinder compound engine 
locomotives ••••..•..••.• 9.5 kg. 
For superheated. steam two or four cylinder simple ••.• 6.75 kg. 
II II II four cylinder compound ....... 6.2 kg. 
With this data and the above · formula the normal maximum horse-
power could be determined. Next he gives the following values 
as the mean effective pressure at the maximum power of loco-
motives: 
Pm 
= 3. 6 kg. per sq. c.m. for tv,o or four cylinder 
simple locomotives. 
= 3.4 kg. per .sq. ·c.m. for any compound locomo-
tive. 
With this data and the ordinary formula, z1 can be dete.rmined; 
and. knowing this value and the maximum horse power of the lo-
comotive,the speed v' is calculated. Then, the cylinder trac-
tive effort at any speed can be computed from the formula 
first mentioned. 
Mr. E. G. Young*, in 1916, presented a new method 
which in many respects made a radical departure from any pre-
vious method, although it was fundamentally based upon the 
formula, T = cpld2/D. After a. painstaking preparatory study 
he found a certain relation between the ratios T.E:t and To:E. 
for different piston 'speeds, where T.E. is the 'bylinder trac-
.ti ve effort", T0 the theoretical tractive effort or pld2 /D, 
an·d E the equivalent hourly evaporation, and t the T.E. at 
------------------------------------------------------------
* Thesis for M.S . in Ry. M.E ., University of Illinois, 1916. 
600 feet per minute piston speed, found from other relations 
between t/To and To/E. Although it was not stated, the arbi-
trary constant, c is regarded by him as a function oft, !o, 
E, and V, or 
c = f(t, To, E, v). 
For some reason the function was not given in any mathematical 
equation, but in the form of diagrams. The value of Eis to 
be estimated separately by means of other diagrams represent-
ing the relation between the equivalent hourly evaporation per 
pound of 14500 B.t.u. coal fired and the length of the boiler 
tubes for v'CA,rious firing rates referred to the "equvalent 
grate area". To m9.ke allowance for variations in evaporating 
power of di I'ferent grades of coal, he multiplies the value of 
the equivalent evaporation per hour for 14500 B.t.u. coa.l by 
the "coal factor" obtained from a certain formula. As pre-
viously sta.ted, Mr. Young, in attacking his complicated prob-
lem and developing the new method, employed several new and 
ingenious schemes, especially the method of finding the rela-
tion of T.E. tot, To, and Eby inter-relating the ratios 
T.E. :T and To:E. The reader of his thesis may notice that he 
sometimes made rather questionable assumptions or adopted some 
very boldly averaged mean values in very important places. 
This was necessary in order to express simply matters essen-
tially very complex, and when we see the close agreement of h:is 
estimated values and the experimental data, we do not only 
find his method justified, but esteem his good judgement. 
\ 
3. Formulas based on the relation,. T = 375(H.P.)/V. -
In 1901, appeared the first tractive effort formula* in the 
form of T = 375(H.P.)/V. It is given as 
T = 116 !!. 
v 
.................. (12) 
The author of this formula, with detailed data of laboratory 
tests of locomotive performance, and keeping in mind all the 
factors which have any influence on the horsepower of a steam 
locomotive, but eliminating insignificant elements, arrived at 
the conclusion that one square foot of heating surface*• is 
equivalent to 0.43 horsepower. Substituting this value for 
H.P. in equation II, he obtained the above formula (12). The 
curve represented by this formula is a hyperbola and it close-
ly represents the tractive effort at any speed except very low 
speeds. On account of the limited adhesion of the drivers, 
the curve representing the tractive effort at low speeds must 
be replaced by a curve or a strai ght line representing the 
adhesion until it meets the hyperbola. This formula with the 
numerical constant as shown above was originally given to re-
present the speed-tractive effort (cylinder) relation of the 
locomotive, "Schenectady II", and also that of locomotives 
currently used about 1900. By proper adjustment of the numer-
ical constant, however, this formula gives quite satisfactory 
results for any steam locomotive at any date. Mr. H. A. Houston# 
in order to make this formula readily applicable to the 
----------------------------------------------------------------
* W. F .M. Goss: "Locomotive Performance", p. 413. 
** See: Footnote on p. 52, · "Locomotive Performance". 
# Thesis for M.S. in Ry. M.E., Univ. of Illinois, 1913. 
locomotives of later design and greater capacity, adopted 143 
instead of 116. 
Troske* published, in 1907, his formula: 
T = 270 ~ 
v 
.......................... (14) 
in which Tis the tractive force of a locomotive based upon 
boiler capacity, H the heating surface, V the speed, and a an 
arbitrary constant which varies with the speed, heating surface, 
thermal value of fuel, dimensions of exhaust nozzle and stack, 
method of using steam ( that is, simple o.r compound engines) 
and kind of steam, i.e. superheated or saturated steam. 
Mr. A. S. Williamson published a very interesting article 
** as the result of his study of this subject. From the experi-
mental data of two consolidation locomotives tested at St. 
Louis, and the Purdue Tests, he produced the expression for 
VIater rate of simple saturated steam locomotives, S = 1500/R 
+ .09 R, in which S represents the steam consumption in lbs. 
per indicated horsepower 4our, and R the number of revolutions 
of driving wheels per minute. After study of the results of 
Shurtleff's investigation made on the evaporation in locomotive 
boilers, he assumed that the evaporation was equal to 0.68 
pound of water for each 1000 B.t.u. in the coal fired, for each 
square foot of heating surface. That is, if R denotes the equi-
valent evaporation, B the amount of B.t.µ. in the coal fired 
per hour, and H the heating surface (fire side), E = 0.68BH. 
-------------------------------------------------------------
* Allegemeine Eisenbahnkunde, vol. 2., p. 124. 
** Railway Age Gazette, Tuiarch 22, 1912, p. 685. 
Then, since H.P. = E/S, 
T = 3?5 (H.P.) = ~ 
v vs 
and substituting 0.68BH for E, he got 
T = 375 x 0.68BH 
vs 
................... 
in which, as mentioned before, S = 1500/R+ 0.09R. 
(15) 
In l9li3, Mr. Houston* presented a method of estimating 
the maximum tractive effort of a steam locomotive. After a 
study of the results of the St. Louis, Purdue, and Altoona 
tests, he produced a table giving the equivalent evaporation per 
square foot of heating surface per hour or "fair value of a 
maximum rate of equivalent evaporation for any locomotive" cor-
responding to different grades of coal. Knowing the thermal 
value of the coal to be fired and the heating surface of the 
locomotive, the equivalent hourly evaporation of any locomotive, 
E can be estimated by this table. Similarly, he found the 
formula for water rate of any simple locomotive, S = 34.0 -
2 O.lR + 0.00025R, where Sis the steam consumption per indi-
cated horsepower hour, and R the number of revolutions per min-
ute. Then assuming the factor of evaporation as 1.2069, he got, 
H.P.= EH 
FS 
or 
EH 
1.20698 
and substituting this value for H.P. in the fundamental rela.tion 
II, he finally obtained 
* Thesis for M.S. in Ry. M.~., University of Illinois, 1913. 
4V 
T = 310.7 EH 
vs 
where S = 34.0 - O.lR + 0.00025R2 • 
. . . . . . . . . . . . . . . . . . . . ( 16) 
A. K. Shurtleff*, in 1910, as the chairman of the 
Committee on Economics of Location of the American Railway 
Engineering Association, presented a method, which being modi-
fied slightly and adopted by the association is known as the 
A. R. E .A. Method.** In this meth od a rate of firing of 4000 
pounds of dry coal per hour is assumed and there are given three 
important tables of data: (1) Actual evaporation per pound of 
dry coal fired for different firing rates - dry coal fired per 
sq. ft. of heating surface, lbs. per hr. - an d for different 
thermal values of dry coal; (2) Stea.Ill used per foot of stroke, 
at full cut-off, for various steam pressures and for different 
cylinder diameters; (3) Steam consumption per indicated horse-
power-hour for various speeds in "M" units. The procedure in 
computing the speed-pull relation of a locomotive by this meth-
od is as follows: Dividing the assumed 4000 lbs. of coal by 
the hea,ting surface of the locomotive under consideration, the 
f iring rate is found. Knouing this firing rate and the thermal 
value of the dry coal, from the first table, the actual evapor-
ation per pound of dry coal is found; and multiplying by 4000 
(lbs.), the actual hourly evaporation of the locomotive is found. 
With this evaporation and the value found in the second table, 
which gives steam used per foot of stroke, the piston speed in 
feet per hour which can be attained before the boiler pressure 
--------------------------------------------------------------
* Proc. A.R.E.A. vol. 12, Pt. l, p. 631, 709, and also Kanual 
of A.R.E.A 1911 ed., p. 127. 
** Proc. A.R. E .A. v.15,p.138. Manual A.R.E.A. 1915 ed., p. 526. 
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will begin to fall or where the cut-off must be reduced in or-
der to keep the boiler pressure normal, may be found. This 
transition speed is called "M". Dividing the value of the 
total hourly evaporation by the values given in the third tabl,e, 
multiples of 
the horsepower at different /\M can be found. Then, transforming 
Minto speed in miles per hour the tractive effort at various 
speeds may be computed readily by means of the formula, 
T = 3?5(H.P. )/V. 
The process just described applies only to locomotives 
using saturated steam. For locomotiv.es using superheated 
steam, the speed-tractive effort relation is computed by first 
finding the relation assuming the locomotive to use saturated 
steam and then multiplying the values given in the fourth table, 
which has been deduced from the principle that tractive efforts 
of saturated and superheated steam locomotives of like general 
dimensions have definite ratiosat various speeds. 
4. Comparison of the results of the formulas with test 
Curves. - Curves derived by means of these various formulas are 
presented in Figs. 9a, 9b, 9c, which permit comparisons to be 
drawn among the different methods. 
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V. DERIVATION OF FORMULAS FOR THE SPEED-TRACTIVE EFFORT 
RELATIONS OF STEAM LOCOMOTIVES. 
A. Speed-Drawbar Pull Relations. 
1. Speed-drawbar pull relations on a semi-
logarithmic co-ordinate system. 
2. Derivation of the characteristic formulas. 
3. Determination of the constants. 
a. Constant k". 
1). for superheated steam locomotives. 
2). for saturated steam locomotives. 
b. Constant m". 
1). for superheated steam locomotives. 
2.) for saturated steam locomotives. 
4. Formulas for the speed-pull relation above 
the transition speed. 
a. Of superheated steam locomotives. 
b. Of saturated steam locomotives. 
5. Formula for the speed-pull relation below the 
transition speed. 
6. Examples and verification of the formulas. 
B. Evaporation in Locomotive Boilers. 
1. Adjusted heating surface. 
2. Coal factor. 
3. Equivalent evaporation at the firing rate 
of 5000 lbs. of dry coal per hour. 
4. The variation of equivalent ev9..poration per 
pound of dry coal with the rate of com-
bustion. 
5. Formula for estimating the evaporation in 
locomotive boilers. 
6. ~xamples and verification of the formula. 
c. The Final Complete Formulas for the Speed-Pull 
Relation of Steam Locomotives. 
l. For locomotives using superheated steam. 
2. For locomotives using saturated steam. 
3. An example of the application of the formulas. 
A. Speed-Drawbar Pull Relations. 
1. Speed-pull ~elation on a semi-logarithmic co-ordin-
ate system. - In spite of the fact that, as mentioned before, 
the experimental data. of steam locomotive performance are not 
adequate for a complete generalization or for the deduction of 
a general law governing the speed-pull relation of the loco-
motive, the representation of the available data on a semi-
logarithmic co-ordinate system* reveals the fact that this 
relation can be represented remarkably well by two straight 
lines on that co-ordinate system. This fact is fully demon-
strated by the diagrams on Figs. 9 - 24 inclusive. The points 
plotted are ta.ken from the original data published in the 
Locomotive Test Plant bulletins** of the Pennsylvania Railroad 
Co., and the straight lines are those drawn through each set 
of points for individual locomotives named. Some discordance 
between the lines and the points may be found in the diagrams, 
but a careful study of the curves in the bulletins, and com-
parison of the curves and the straight lines on our diagrams 
will justify the position of our lines. Accepting, then, 
this generalization as correct, we will next derive the math-
ematical expression of the law it implies. 
2. Derivation of the characteristic formulas. - A 
straight line on any co-ordinate system is completely defined 
by two points on the line, or by a point and the slope of the 
line. Then, the speed-pull relation of a locomotive, too, can 
be completely represented on a semi-logarithmic co-ordinate 
-------------------------------------------------------------
* For theory of sem-logarithmic co-ordinate system, see Mechan-
ical Engineers' Handbook, L. s. Marks, editor-in-chief, 
p. 17?. 
** The data are shown in the Appendix, Tables Ia, Ib, Ic, and 
Id, and also represented on cartesian co-ordinates in Fig. 
2 and 3. 
_ .. -- . ......... 
I 
l i 
r 
/t:' ~ I 
± 
4'<) 
1' 
I 
I 
I 
... ~c 
- 1 
-~ 
l 
-1 
Tl 
Ll 
l' 
--, 
I 
i 

(i 
rl I ..
. /~il_~~1=-~ --::~~-dJOl_;;--~-:;1b;--t--j~-t-~~-:t~~~~~-
..... 
VI v..J I - \..V 
J l 

VI \J'-' I - \,,\.I 
' 
'-?£' 
~ 
:CI ,:,, ., f 
~'"< _:::,_ 
- ~ 
55 
system when four points of a certain specification are known, 
and if desired the lines thus determined may be transferred 
to a cartesian co-ordinate system as shown in Fig. 34, or 
the relation may also be represented by the two equations of 
the form: 
log(y) = k - m x •••••••••••.•••••• (1) 
that is, by 
log(T) = k' - m'(S), .............. (2) 
and 
log{T) = k" - m"(S). (3) 
These equations are the characteristic formulas of the speed-
pull relation of steam locomotives, in which T represents 
the drawbar pull behind tender at a constant rate of evapor-
ation for various piston speeds, S; and k', kn, m' and mn are 
constants which are found to vary with the dimensions of cy-
linders and driving wheels, boiler pressure, kind of steam 
used, and the hourly equivalent evaporation, which, in turn, 
varies with the dimensions of the boiler and grate, the quan-
tity of coal fired, etc. 
3. Determination of constants. - With locomotives of 
modern design, the cylinder tractive effort is slightly below 
the adhesion of the drivers, and the boiler capacity is such 
that up to a certain limit of speed the boiler generates as 
\ 
much steam as the cylinders demand; beyond that limit, however, 
the boiler fails to do so but produces practically a constant 
amount of steam. Thus, the tractive effort of a steam loco-
motive up to that limiting speed is governed by the performance 
5ti 
of the engine cylinders while beyond that speed it depends 
upon both boiler and cylinders. As will be seen later, the 
determination of the constants of the formula for the line 
representing the drawbar pull below the limiting or transition 
speed is effected very easily v.rhen the line representing the 
pull above the transition speed is determined, that is, when 
the constants of the formula, log(T) = k" - m"(S). are deter-
mined. 
a. Constant k". - After a careful study of the exper-
imental data, it is found that k" (also m") has different 
values or functions for a superheated steam locomotive and a 
saturated steam locomotive even when the other conditions are 
the same for these locomotives. 
1). The value of k" for superheated steam locomotives. -
Geometrically, the value of k" is the intercept on the T-axis 
of the straight line which represents the drawba.r pull above 
the transition speed, Tb (see Fig. 25). From the diagra~s in 
Figs. 9 - 24 it was apparent that the various values of k" were 
not the same and that the Tb lines or their extensions did not 
meet at a common point on the co-ordinate system.* Then, it 
was thought t h at the boiler tractive effort at zero speed per 
pound of theoretical tractive effort, that is, Tbo/To might 
be a definite constant for all superheated steam locomotives 
at least, but it was found not so,as ~ is shown in Tables 
-------------------------------------------------------------
* All the diagrams in Fig. 9 - 24 inclusive were first pro-
duced on a single semi-logarithmic co-ordinate system of 
far larger scale. 

Ila and IIb, Appendix. It was next supposed that they must 
have some definite relation to some dimensions of the engine 
cylinders and the steam pressure,since the tractive effort 
beyond the transition speed is influenced by tnese factors as 
well as by the rate of evaporation; and the values of Tbo/To 
were plotted against the values of pld2, pl2d2 , pld, etc. with-
out any satisfactory result - P represents the boiler pres-
sure in pounds per sq. in., l the stroke in in., and d the 
diameter of cylinder in inches. Finally, however, tney were 
plotted against the values of ld and a rather surprising re-
sul t has been obtained as shown in Fig. 27. This relation is, 
no doubt, very simple, being represented by a straight line, 
which agrees very closely with the experimental data. From 
this diagram it is found that the values of Tbo/To and k" can 
be expressed as follows: 
and 
or 
Tbo/To = 0.635 + 0.00075(1d) 
Tbo = (pld2/D)(.635 + .00075 ld) 
2 k" = log(Tbo) = log ((.635 + .00075dl)pld /D) 
for superheated stea.~ locomotives .•..• (4) 
2). The value of k" for saturated steam locomotives. -
In exactly the same way as above, the relation of k" for sat-
urated steam locomotives to the variable ld has been found as 
shown in Fig. 28. In this case the agreement of the line and 
the experimental data is much closer than in the previous case 
and the greatest error is less than 0.5 percent. The values 
of Tbo/To and k" are found as follows: 
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Tbo/To = 1.575 - 0.00073dl 
and 
Tbo = (1.575 - 0.00073 dl)pld2/D 
k" = log(Tbo) = log li l.575 -.000?3)pld2/~ ••••• for sat-
urated steam locomotives ( 5) 
It is of interest to note that the value of Tbo/To for sat-
urated steam locomotives decreases as the product ld increases. 
No satisfactory explanation has been found but it is a fact frund 
from the most reliable locomotive test results and there must 
be some reason, which would be of great value for designing 
cylinders of locomotives using saturated steam. 
b. Constant m". -
1). For superheated steam locomotives. - As the 
diagrams in Figs. 9 to 24 show, the values of m" are not the 
they 
same for all superheated steam locomotives, and/\must be a 
function of the factors which affect the performance of engines 
and boiler. In order to find a simple function of m", many 
trial plots were made and finally the relation shown in Fig. 
29 was found. As the diagram shows, the relation found is very. 
simple and definite, the agreement of the line with the exper-
imental data being remarkably close. This relation may be 
algebraically expressed as follows: 
Tbooo/Tbo = 0.58 - 0.00017pl2d2/E 
in which Tbooo 'is the drawbar pull behind tender at the piston 
speed of 1000 feet per minute, Tbo the same at zero speed*, E 
-------------------------------------------------------------
* The value of Tbo is not physically realized by any locomo-
tive; it is only a theoretical or imaginary quantity used 
in this investigation. 
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the equivalent evaporation per hour, and p, 1, and dare pres-
sure, stroke and diameter as usual. Then, 
Tbooo ·= (.5815 - .OOOl?pl2d2/E)Tbo 
But 
Therefore, 
m" = -log(Tbo) - log(Tboool 
1000 
m" = -log(.5815 - .00017pl2d2/E)/1000 •.•••. for 
superheated steam locomotives . . . . . . . . . (6) 
2). The value of m" for saturated steam locomotives.-
Expecting some simp~e relation of m" to the value pl2d2/E, 
the plot was made as shown in Fig. 30, but the agreement of 
the straight line with the data was not so satisfactory as in 
the case shown in Fig. 31, in which the ratio Tbooo/Tbo has 
been plotted against the value of pl2/E instead of pl2d2/E. 
Besides these two plots, several other plots with abscissa of 
different combinations of p, 1, d and E were tried without 
any satisfactory result, and the plot in Fig. 31 has been 
finally adopted. This relation may also be expressed as 
follows: 
Tbooo/Tbo = 0.539 - 0.148pd2/E 
and hence 
m" = - log(. 539 - .148pd2/E )/1000 ••••• for saturated 
steam locomotives • • • • • • • • • • • • • • • • • • • • • • • • ( 7 ) 
4. Formulas for speed-pull relations above the tran!3.-
i tion speed. a. For superheated steam locomotives. - Sub-
stituting the values of k" and m" of the equations (4) and 
(6) in the characteristic formula logT = k" - m"S, we have 
/?elal/0/7 Be-/-wee/7 7hooo/7bo anc/ ,P/i:/-;/E 
hr 5a~vrc:7-/ed J./ea/77.Loco/77o~vc-J 
Fy. Jo. 
-------- ----
/ie/ahon ,be/wee/7 76ooo/7bo c:?/7d /742/E 
-/or 5o/ura~ed ftc?.:7/77 _L<760/T,70~'vt:'J. 
F}', Y/ 
b ti 
log( Tb) = log [( o. 635+.00007 5dl )p~d2 J + [ log( O. 5815 - • 00017 
Pd:12) 1 1~66 ........................ (I) 
= log [ To(0.635 + .000075d1)] + 
::, 1: To) 1000] 
log [ (0.5815 - .00017 
s 
Tb= To(0.635 +.000075dl) (0.5815 -.00017 ~ To) 100~.(I') 
b. For saturated steam locomotives. - Similarly, for 
locomotives using saturated steam, we have 
2 
log(Tb) = log [(1.575 - .00073dl) p~d J + [ log( 0.539 -.0148 
Pd2 ) J S E 1000 . . . . . . . . . . . . . . . . . . . . . 
= log [ro(l.575 - .00073dl)] + log [ (0.539 - 0.148 
5 
.JL T ) 10001 
El io J 
(II) 
5 
Tb= To (1.575 - .00073dl}(0.539 - 0.148 ~1To) 1000.(II') 
The formulas I, I', lI and II' appear to be somewhat 
complicated, but when the values of p, 1, d, D and E of a lo-
comotive are known, they become very simple. For instance, 
the formulas I and I' become 
and 
log(Tb) = logA + (S/lOOO)logB 
Tb = AB 6 
respectively, wheres= S/1000, and A and Bare some numerical 
constants. The base of' the above equation is, of course, 
e(= 2.718+), but I and II are in such a form that a logarith-
mic table of any base can be readily used without any modifi-
cation of these formulas. The formulas I' and II' are in very 
convenient form when a slide rule with a "loglog" scale on it 
is available. 
5. Formula for speed-pull relation below the transit-
ion sueed. - The experimental data of tractive effort at lower 
speed are not so complete as those for higher speed. The parts 
of the speed-pull diagrams in Fig. 9 - 24, which are represented 
by broken circles correspond to the parts represented by dotted 
lines in the original diagrams in the Pennsylvania bulletins and 
cannot be much relied upon. There are, however, the data of 
several road tests v,ith a dynamometer car (see Figs. 9, 10, 11, 
12, 17, 18 and 19) to which greater weight was given in the deter-
mination of the constants in Ta= k'-m'S, the characteristic for-
mula for the pull below the transition speed. 
Constant k'. - As shown in Fig. 25, k' is equivalent 
to logTao, that is, the logarithm of the actual drawbar pull at 
zero speed. The long accepted formula for starting tractive 
effort, 
T = .85pld2 
D 
appears (see Figs. 9 - 24 inclusive) to hold good for modern 
locomotives using superheated steam as well as for those using 
saturated steam, if we consider it as the drawbar pull behind 
tender instead of the "cylinder" tractive effort. Then, we have 
readily 
k' = log(0.85pld2/D) for locomotives using superheated 
or saturated steam • . . . . . . . . . . (8) 
Constant m'. - The Ta lines of the diagrams in Figs. 
9 - 24 incl1J.si ve, have been drawn through the points, k' , on 
the T-axis, with slopes which may be represented by the 
equation 
m' = log(Tao) - log(Tx) 
x 
in which Tx is the drawbar pull numerically equal to 0.8To or 
.8pld2/D, but it is located on the Tb line at x f.p.m. piston 
speed. The value of x can be easily found when the Tb line 
is drawn on either a semi-logarithmic or a cartesian co-ordin-
ate system; but if it is necessary to find x analytically it 
can be deduced from Formula I or II by simply substituting 
.8pld2/D for Tb. We have, then 
or 
m' = 
log(.85pld2/D) - log(.8pld2/D) 
x 
= (1/x)log(.85/.80) 
m' = (l/x)log(l.06) for locomotives using super-
heated or saturated steam (9) 
The formula. - Substituting, then, the values of k' 
and m' in the characteristic formula, Ta= k' - m'S, we get 
for a locomotive using superheated steam or saturated steam, 
log(Ta) = log(.85pld2/D) - log(l.06)~ •••••••• (III) 
x 
or 
5 
Ta= (0.85pld2/D)(.95i)" ............... (III') 
These formulas define a curve which is practically a straight 
line on the cartesian co-ordinate system. For practical pur-
poses it is more convenient and advisable to replace this 
curve by a straight line drawn through Tao and Tx on cartesian 
co-ordinates. Furthermore, it will be seen by inspection of 
the diagrams on Figs. 9 - 24, that although the Ta and Tb 
lines represent very closely the experimental data there plott-
ed; the corner at Tx is somewhat too sharp, and a smooth curve 
which is tangent at .5x and l.5x to the Ta and Tb curves 
agrees better with the experimental data. 
6. Examples and test of the formulas. - As examples 
of the application of the formulas and also as proof of their 
validity, we will first take an Illinois uentral Railroad 
a . 
consolidation locomotive and then~Ch1cago, Rock Island & Pacif-
ic Railroad mountain type locomotive, whose speed-pull re-
lations are determined by actual tests and can be used for 
checking the values computed from the formulas. 
Test 
Uo. 
2094 
2098 
2089 
I.C.R.R. Locomotive No. 958* - saturated steam. 
Cylinders .•••• ·••.•. 22 11 x 30 11 
Drivers ••••••••••• 63 11 dia. 
Speed Piston 
m.:p.h. Speed 
f. p. m. 
20.1 
30.4 
41.9 
536 
810 
1118 
Calculation:-
Boiler Pres. 
lbs/sq. in. 
196.3 
191.5 
194.0 
avg. 194.2 
Equivalent 
Evap'n. 
lbs./hr. 
54,336 
5?,954 
_54, 989 
avg.55,700 
Drawbar 
Pull 
lbs. 
25,225 
l?,660 
11,831 
Tb= To(l.575 -.00073dl){.539 -.148ToD/El) 8 
= 44,?50 x 1.093(.288) 8 
= 48,900(.288) 6 wheres= S/1000 
Then, Tb = 48,900 x .513 = 25,100 lbs. at 536 f.p.m. 
piston speed. 
= 48,900 x .365 = 17,840 lbs. at 810 f .p.m. 
piston speed 
= 48_, 900 x .248 = 12,120 lbs. at 1118 f.p.m. 
piston speed 
------------------------------------------------------------~ 
*Bulletin No. 82, Eng. Exp. Station, University of Illinois. 
70 
Comparison:-
Speed Drawbar Pull, lbs. Difference Percent 
m.p.h. b;}'.: Test b;z Formula lbs. Error. 
20.1 25,225 25,100 -125 -0.5 
30.4 17,660 17,840 180 +1.0 
41.9 11,831 12,120 289 +2.4 
The comparisons show that at 41.9 m.p.h. the estimat-
ed value is 2.4 percent too large. This is partly due to the 
fact that the average values of equivalent evaporation and 
boiler pressure used in the calculation were greater than the 
actual values, as will be seen in the table above. A similar 
explanation may be made for the errors at the speeds 20.1 and 
30.4 m.p.h. The agreement of the estimated values within a 
maximum error of 2.4 percent, with the actual test results of 
a locomotive whose dimensions are radically different from 
those of the locomotives used in the development of the form-
ulas, is encouraging evidence of their validity. 
C.R.I. & P.R.R. Locomotive No. 999. 
Mountain type, superheated steam. 
Cylinders •••••••.•••• 28" x 28" 
Boiler pressure •••.. 185 lbs. sq. in. 
Equiv~ evap. per hour* 60500 lbs. 
Test Data. 
Speed, m.p.h. 
11.6 
Drawbar Pull, lbs. 
45700 
15.5 
22.1 
27. 0 
30.'0 
35.6 
40.1 
45.0 
49.9 
54.9 
42500 
39000 
32400 
29300 
25000 
21900 
19200 
17900 
15600 
-------------------------------------------------------------
* From the tests the average actual evaporation was 46,400 lb. 
(see E. G. Young's thesis, 1916, p. 107). 
Calculation:-
ht 
' -
2 2 2 s Tb= (pld /D)(.635 + .000075dl)(.5815 -.OOOl?pl d /E) . 
= 58800(1.223)(.275) 6 
= 72000(.275) 6 
= 19800 when s = 1 or 44.0 m.p.h. 
= ?2000 when s = ) or zero m.p.h. 
Then, locating these two points on a semi-logarithmic co-or-
dinate system and drawing through the points a straight line 
as shown in F ig. 32, we can find on this diagram values of Tb 
at various speeds without further computation. 
If logarithmic paper or semi-logarithmic paper is not 
available, the values of Tb can be computed as shown in the 
first example. Another convenient method is to locate the 
two points with the scale (logarithmic) on a slide rule, and 
drawing a straight line through the points read the ordinates 
\'lrith that scale. For instance, in .E'ig. 33, OA is equal to 
?2000 on "A" scale of an ordine,ry 10-inch slide rule, and 
similarly CD is equal to 19800. The value of Tb or the or-
dinate of the line AC at any speed can be found by means of 
a pair of dividers and the II A" scale. 
By one of these methods the points plotted in the 
diagram in Fig. 34 have been obtained. Then, locating Tx 
= 47000 lbs. on Tb line and Tao = 50000 on T-axis, the Ta 
line has been dr~wn. The speed-pull diagram is completed by 
insertion of the smooth curve tangent to the Ta and Tb lines 
at 0.5x and l.5x. 
B. The Evaporation of Stea.~ in Locomotive Boilers. 
1. Adjusted heating surface. - The amount of 
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steam evaporated in a locomotive boiler depends, first, upon 
the ability of the heating surface to transmit heat under 
different conditions of the heat supply and, second, upon the 
amount of heat generated in the furnace. Generally speaking, 
the ability of the heating surface to transmit heat is pro-
portional to the number of square feet of its area, but this 
area cannot be the mere geometrical area of the heating sur-
faces or the flat sum of firebox, flue ,md superheating sur-
faces in square feet;because, as recent experiments show, on 
account of the high temperature a unit area of firebox heating 
surface is several times as effective as that of tube heating 
surface, and a unit area of tube heating surface transmits 
also several times as much heat as a unit area of superheat-
ing surface on account of the better thermal conductivity of 
water as compared with steam. Therefore, it is clear tnat 
to deal with the evaporating capacity of locomotives whose 
ratios of firebox heating surface to tube heating surface and 
to superheating surface are all different, a certain unit of 
heating surfaces which is the measure of the effectiveness 
but not the mere geometrical area must ·be adopted. For this 
purpose, after careful study of the experiments and investiga-
tions* on this subject, a measure called "adjusted heating 
* Test of a Jacobs-Shupert Boiler" by W.F.M. Goss; "Etude 
Experimentale de la Vaporisation dans les Chaudieres de 
Locomotives," by M. A. Henry; "Heat Transmission" by Dudly; 
"On the 'l'ransmission of Heat into Stearn Boilers" ,Hedrick & 
Fes senden; "The Transmission of' Heat into steam Boilers" 
by Kreisinger -and Walter; and several o t her books and 
articles on this subject. 
surface" was adopted. In this measure of heating surface, 
the effectiveness of firebox heating surface is taken as 
the standard and one square foot of its heating surface is 
one square foot of adjusted heating surface also. The ratio 
of effectiveness of firebox to tube heating surface per 
unit area varies considerably with the heat supply or the 
amount of coal fired per hour; but five (5) is taken to be 
a fair average value for ordinary ranges of firing rate.* 
The results of numerous experiments show that heat trans-
mitted through a unit area of superheating surface amounts~ 
about 25 to 30 percent of that through a unit area of water 
heating surfaces** (tu.bes and firebox) and is estimated to 
be 50 percent of that through tube heating surface or-10 
. . 
percent of firebox heating surface. Then, the adjusted 
heating surface becomes, 
H =Hf+ Ht/5 + Hs/10 • • . . . • . . • • • ( 10) 
where Hf represents the firebox heating surface, Ht the 
tube h. s., and Hs the superheating surfa.ce of the locomotive. 
In establishing an ideal measure of the effectiveness of 
heating surfaces like the adjusted heating surface proposed, 
it might be proper to take in account also the different 
effectiveness of tube heating surfaces according to their 
----------------------------------------------------------
* Cole: "Locomotive Ratios", .American Locomotive Co. Bulletin 
No. 1017, p. 7; J. J. Anthony: "Firebox Efficiency", 
Ry. Review, Oct. 28, 1916, vol. 59, p. 581 
Richmond Railroad Club, Oct. 16, 1916 
Railway Age Gazette, vol. 61, No. 16, p. 695, Oct. 20, 1916 
New England ·RR. Club, Oct. 10, 1916 
Ry. Mech. Eng., vol. 90, No. 9 - p. 443; Sept. 1916. 
** Pa. R.R. Test Dept. Bulletins Nos. 10, 11, 18, 19, 21, 
24, 27, 28 and 29. 
length, diameter, thickness, spacing, location, etc.; however, 
practically no experimental data on these points are available, 
except the temperature measurement along the tubes.· Fortun-
ately, however, current methods of locomotive design do not 
present radical differences in these respects and they may be 
ignored without introducing errors greater in magnitude than 
those which inhere on other steps in our process. 
2. The coal factor. - The amount of heat generated in 
the furnace to supply the heating surfaces depends upon the 
a.mount of coal fired and the rate of combustion,but it is also 
greatly influenced ·by the skill of the fireman and by the 
quality of the coal. The degree of skill varies with differ-
ent firemen, and even with the same fireman it varies at dif-
ferent times, and this personal equation can hardly be express-
ed 'in a mathematical formula. The rate of combustion involves 
the degree of completeness in combustion - the amounts of 
carbon monoxide, oxygen, sparks or cinders, and combustible 
in the ashes. The relation· of the. rate of combustion to the 
heat generated or to the evaporation will be taken up later, 
while here only the influence of the quality of coal or its 
thermal value on the evaporation will be studied. Due to the 
absence of data of evaporation experiments made under exactly 
similar conditions but with coal of different thermal values, 
\ 
the determination of a definite relation of the thermal value 
of coal to the amount of heat generated or to the evaporation 
is very difficult. Generally it is believed by many engineers 
that either the evaporating power of a unit weight of coal is 
Ji,' 'I ( \ 
'" 
directly proportional to its B.t.u. content, or that it is prac-
tically independent of the thermal value, that is, any grade 
' 
of coal evaporates practically the same ·amount of water. Mr. 
E. G. Young*, however, after careful study of the experimental 
·data of s~ationary boilers produced a formula 
f = (x - - 3_000 )/11500. 
in which f is the factor or coefficient which multiplied. by 
the evaporation of the standard coal - 14500 B.t.u. per pound 
coal - gives the evaporation per pound of coal, the B.t.u. 
content of which is x. This formula is, no doubt, more log-
ical than the assumptions above cited, that is, f is equal to 
a constant times x or f is always unity. A study of this 
problem with the experimental ds,ta of about tvrnnty-five dif-
ferent locomotives in addition to all the data Mr. Young em-
ployed in his investigation, ·1eads ·us to believe that his 
formula is correct in form; but that a slight change in the 
numerical constants, that is, 
f. = (x - 4500)/10000 for coals whose B.t.u. is less 
than 14500; and f is unity for 
coal whose B.t.u. content is 
above 14500. • . . . . • • . • . (11) 
will give better results in the estimation of evaporation in 
locomotive boilers if not also for stationary boilers. The 
data for this conclusion will be found in Tables IIIa, IIIb, 
IIIc and diagrams in Figs. 40 and 41, in the Appendix. 
3. Equivalent evaporation in locomotive boilers at 
the firing rate of 5000 lbs. dry coal per hour. - Although 
the total heat generated per hour in a rocomotive firebox per 
*Thesis: "Factors affecting tractive effort of Steam locomo-
tives", U. ot I., 1916, for M.S. in Railway Engineering. 
pound of dry coal is influenced by the rate of combustion per 
square foot of grate area, it may be considered as the same 
* at a definite firing rate, and the evaporation depends only 
upon the ability of the heating surfaces to absorb the heat. 
With this belief, · the equivalent evaporationsper pound of coal 
corrected to the standard 14500 B.t.u. by formula (11) for 
different locomotives, were plotted against the -, adjusted heat-
ing surface as shown in Fig. 36, and a straight line was 
drawn to represent the points as closely as possible. The 
agreement of the line with the plotted data is remarkably good 
for an investigation of this sort. The points for E6s-51 and 
"H8sb", however, are far away from the line although the 
average of these two points falls on the line. Explanation 
for the positions of these points was sought in the grate 
area, ratio of heating surface to grate area, heating surface, 
length of tubes, etc. of the boilers, but no .satisfactory 
justification was found. It would not be due, however, to 
the skill of firemen since only approved firemen are employed 
in the tests. As to the size o·f the coals no definite infor-
ma tion is available, but the co al used. on 11 H8sb" was "a run of 
mine coal used in freight service on this road" while that 
used on E6s-51 was coal ''mined by the Penn Gas Coal Company 
* In this paper,, the term "rate of firing" or "firing rate" is 
employed to express the amount of coal fired per hour per 
locomotive in pounds, while the term "rate of combustion" 
of "combustion rate" is used to express the amount of coal v 
burned per square foot of grate per hour in pounds. 
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••••..•.. it is fairly representative of the coal used on 
the road in passenger service~ It may be of some interest to 
note here that in this diagram the points for freight loco-
motives all lie below the average line while -the points for 
all pasRenger locomotives lie on or above the line, except 
the locomotives with mechanical stokers. Thus some unknown 
factor or factors have a considerable influence on the evap-
oration per pound of coal . It may be taken that the relation 
of the equivalent evaporation per pound of 14500 B.t.u. coal 
at the firing rate of 5000 pounds dry coal per hour to the 
adjusted heating surface is represented by the straight line 
in Fig. 36, (for data see Table V and Fig. 42 in the Appendix) 
or by theequation 
e1 = 5.335 + .00453H • • • • • . . . . • . . . . ( 12) 
where e1 is the equivalent evaporation per pound of 14500 B.t.u. 
coal in pounds at the firing rate of 5000 pounds of dry coal 
per hour, and H the adjusted heating surface in square feet. 
4. Variation of the equivalent evaporation per pound 
of dry coal fired,with the rate of combustion. - As alluded 
to before,the heat generated in the furnace per pound of dry 
coal fired is generally believed to vary with the rate of com-
bustion referred to the grate area. Consequently the equiva-
lent evaporation per pound of dry coal fired must vary with 
the rate of combustion. Further, this change in evaporation 
is found to vary with the adjusted heating surface by a defin-
ite function as demonstrated in Fig. 37, the data for which 
are given in Table V and Fig. 43 of the Appendix. In this 
diagram the agreement of the straight line and the plotted 
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data is not very close. This, however, does not much affect 
the final estimated value of equivalent evaporation. For 
instance, take the case of the gre a test deviation - E3sd. 
The error is about .006 pound of equivalent evaporation for 
each one pound of increase per square foot of grate area. 
The mathematical expression of the relation represented by 
the straight line in Fig. 37, is found to be 
e1 = .096 - .000052H . . . . . . . . . . . . . ( 13) 
where e' is decrease in equivalent evaporation per pound of 
l 
14500 B.t.u. coa.l for each pound of increase in the rate of 
combustion per square foot of grate area, and H the adjusted 
heating surface in square feet. 
5. The formula for the equivalent evaporation. - Let: 
E = equivalent evaporation per hour, lbs. 
w = wei ght of dry coal fired per hour, 
H = adjusted heating surface, sq. 
G = grate area, sq. ft. 
f = the coal factor 
e = equiv. evap. per pound of dry 
and r = (W - 5000)/G. 
Then from the formulas, (12) and (13), we have 
e = f(e1 - rei) 
ft. 
coal 
lbs. 
fired, 
= f(5.335 + .00453H - r(.096 - .000052H)) 
lbs. 
and E = Wf ( ('5. 335 +. 00453H)- r(. 096 - • 000052H)) • • • . ( IV) 
This is the final formula for estimating the equiv-
alent evaporation for superheated or saturated steam locomo-
tives. It contains, a s variables, the weight of dry coal 
fired, W; the rate of combustion, W/G; the quality of the 
coal, f; and also the adjusted heating surface in which the 
relative effectiveness of firebox, tubes and superheating sur-
faces are considered. 
6. Example of the formula IV. - To illustrate the use 
of the formula developed in the preceding article, let us take 
Illinois Central Railroad locomotive No. 958, whose evaporation 
data are known and can be used for a check. 
I.C.R.R. Locomotive No. 958*. 
Firebox heating surface •...•.•. 168 sq. ft. 
Tube heating surface ••.••...• 3511 sq. ft. 
Grate area ••••.•••••••..•...• 49.55 sq. ft~ 
Wt. of Dry B.t.u. per Equivalent Eq. Evap. Error 
Test Coal per lb. of Evapora•n. by Per-
No. Hr., W. dry coal. 1·b/hr., E. Formula IV Cent 
20?8 4?0? 1251? 34431 36200 5.2 
2032 5352 12242 3696? 3?000 o.o 
2092 5640 12620 41??0 39?00 5.2 
20?4 6015 125?5 48?00 49200 3.6 
Calculation:-
H = 168 + 3541/5 = 8?6.2 sq. ft. 
Then, E = Wf(5.335 + 3.97 - r(.096 -.0455)) 
= Wf(9.305 -.0505r) 
Test No. 20?8, W = 4?0?, B.t.u. = 12517 
f = (1251? - 4500)/10000 = .801? 
r = (4?0'7 - 5000)/ 49.55 = -5.9 
and E = 470? x .801?(9.305 .0505x(-5.9)) 
= 3??0 x 9.603 
= 36200. lbs. per hr. 
Similar calculations were made for Test Nos. 2032, 2092 and 
20?4, and the estimated values are shown in the above table, 
* Engineering Experiment Station, u. of I. Bulletin 1-;o. 82. 
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column 5. The maximum error is about 5 percent within the 
range of the firing rate. This percentage is not large, and 
the result of the estimation is satisfactory when we consider 
the greatly varying performance of locomotive boilers even 
under apparently the srune conditions. Further, the comparison 
of the boiler performance of the 11 958 11 with that of other 
locomotives shows that the former is somewhat unusual, having 
comparatively low efficiency at the low rate of combustion and 
comparatively high efficiency at higher rates of combustion. 
(see line ab in Fig. 42.) This is the reason why the estimat-
ed value of Eis too large at the lower rate of combustion 
and too small at the higher rate. However, the small error 
in the application of the formula to the unusual case proves 
its value. 
C. The Complete Formulas for the Speed-pull Relation 
of Steam Locomotives. 
1. Formula for superheated steam locomotives. -
Ta= 0.85To(l -.05Tos/x) when S .c::'.'. x, and 
Tb= To(.635 + .0000?5dl)(.5615 -.OOOl?TolD/E) 8 when S > X. 
Where Ta and Tb = Drawbar pull behind tender, lbs. 
s = Piston speed in feet per minute 
6 = s/1000 
p = Boiler pressure, lbs. per sq. in. 
1 = stroke of piston, in. 
d = diameter of cylinders, in. 
D = Diameter of drivers, in. 
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To= pld2/n 
x = Piston speed at which T = 0.8To, and 
E = Equivalent evaporation from and at 212 deg. F per 
hour, lbs. which may be estimated by the formula, 
E = Wf((5.335 + .00453H} - (W/G - 5000/G)(.096 -.000053H)) 
where W = Weight of dry coal fired per hour, lbs. 
G = Grate area, sq. ft. 
f = The coal-factor, which is equal to ~B:4500)/10000, 
when the thermal value per pound of dry coal fired, 
B, is less than 14500 B.t.u., and is unity when 
it is greater than 14500, 
H = "Adjusted heating surface", which is 
H =Hf+ Ht/5 + Hs/10, where Hf is the firebox 
heating surface including arch tube h.s., Ht the 
tube (water side) h.s., and Hs the superheating 
surface all in sq. ft. 
The sharp corner of the speed-pull die.gram constructed with 
these formulas should be replaced by a smooth curve tangent 
at 0.5x and l.5x speeds. 
2. Formulas for saturated steam locomotives. -
T = 0.85To(l 
T = To(l.5?5 
.05ToS/x) 
.000?3dl)(0.539 
when S < x, and 
.148ToD/1E) 6 when S > x, 
where the symbols are the same as before. The foi-.ulas for 
E, f and H are ~l so the same•. except that Hs in the formula 
for adjusted heating surface becomes zero. The sharp corner 
of the diagram should be replaced by a smooth curve tangent 
at 0.5x and l.5x as in the case of superheated steam locomo-
tives. 
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3. ~example of the application of the formulas. -
As a further example of the application of the formulas, Ill-
inois Central Railroad Mikado locomotiwe, the drawbar pull of 
which (as shovm by the points in Fig. 38) has been determined 
by a dynamometer car test made for the purpose of determining 
the ultimate capacity of the locomotive on ruling grades and 
the effect of rail washer on train resistance, will be consid-
ered. The purpose of the test being such and the operating 
conditions ever changing, the evaporation, firing rate, etc. 
were not determined. Later, however, it became desirable to 
check the result with some formula. A formula Vi!hi ch had been 
adapted by a prominent railway engineering society was tried 
first, but they did not check each other very satisfactorily. 
The test data cannot be suspected, although thepoints plotted 
diverge considerably at higher speeds, as the experiment was 
made with an accurate dynamometer car under expert supervis-
ion, and the computed results have been checked very careful-
ly. The following calculation of drawbar pull will be, there-
fore, neither to check the test result nor to test the form-
ula - the accuracy of the formulas has been demonstrated in 
for 
the previous examples - but simply to show a method/\estimating 
the tractive effort at any speed and at any rate of firing. 
Data of the locomotive No. 1748:-
Cylinders ................. . 
Drivers .................. . 
Heating surface, firebox .. . 
" " , tubes 
11 " , superhea ter 
Grate area ............... . 
Boiler pressure .•......... 
27" x 30 11 
63" dia. 
235 sq. ft. 
3835 II It 
1093 II ti 
70 n " 
175 lb. per sq. in. 
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The thermal value of the fuel is not definitely known and is 
assumed in the following calculation to be 13500 B.t.u. per 
pound of dry coal. The coal was mined near Central City, Ky. 
(Tests made by the U.S. Geological Survey of coal mined at 
this point show a B.t.u. of 13500.) The firing rate was not 
determined, but it seemed to be very high - the locomotive 
was often fired by two men, that is, one fireman and a helper 
as the writer witnessed - and in the calculation five differ-
ent firin g rates 4000, 5000, 6000, ?000 and 8000 pounds dry 
coal per hour are assumed. 
Calculation: -
H = 235 + 3835/5 + 1093/10 = 1111.3 sq. ft. 
f = (13500 - 4500)/10000 = 0.9 
Then, E = 0.9W((5.335 + 5.05) - r(.096 - .0578)) 
where r = (W - 5000)/G 
= 0.9W(10.3?5 - .0382r) 
= 3600(10.3?5 +.546) = ~94QO: lbs. when w = 4000.lb. 
::: 4500(10.3?5 + 0) = 46?00. 
" 
H w = 5000" 
-
= 5400(10.3?5 -.546) = 53100. " ti w = 6000" 
= 6300(10.3?5-.l.092)= 58500. " " w = ?000" 
= ?200(10.3?5-.l.638) = 62800. " .. w = 8000" 
Then when W = 4000 lbs. per hour 
Tb = 60600(.635 + .60?)(.5815 - .495) 8 
= ?~350(.0865) 8 
= 75350(.0864) 0 = ?5350 lb. at speed s=O or O m.p.h. 
= 75350(.0864)1 = 6500 lb. at S = l,000 f .p.m. 
or 3?.5 m.p.h. 
when W = 5000 lbs. per hour, 
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Tb = ?5350(0.5815 - .41?5) 8 
= ?5350(.164)1 = 12350 lbs. 
when w = 6000 lbs. per hour 
Tb = 75350(0.5815 -.36?) 8 
= 16050 lbs. at 3?.5 m.p.h. 
when w = ?000 lbs. per hour 
73350(.5815 - s Tb = .3345) 
= ? 5350 {. 247) = 18650 lbs. 
when w = 8000 lbs. per hour 
75350(.5815 - s Tb = .3145) 
= 75350(.26?) = 20150 lbs. 
Further, for Ta, 
0.85pld2/D = 51500 lbs. 
0.80pld2/D = 48500 lbs. 
at 3?.5 m.p.h. 
at 3?.5 m.p.h. 
at 37.5 m.p.h. 
With these data the straight lines B1 C1 , etc. of the semi-log-
arithmic co-ordinate system in Fig. 39 were drawn, and the 
curves in Fig. 38 are produced from these straight lines and 
the corners are replaced by the smooth curves tangent at 
0.5x and l.5x speeds. 
It may be noticed in Fig. 38 that none of the five 
curves perfectly represents the experimental data plotted at 
the entire rate of speed but the points fall within the zones 
of the different firing rates or evaporation rates. This is 
due to the fact , that the test was made at random firing rates 
and the curves, as they stand, represent the relations at 
several constant firing rates. The series of curves will, 
however, serve in estimating the tractive effort at any speed 
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and also at any firing rate, which will be very valuable data in 
the solution of problems such as fuel consumption, selection 
of locomotives, tonnage rating, etc. 
VI. RESISTANCES TO THE MOTION OF RAILWAY TRAINS. 
A. Train Resistance and its Importance. 
B. Classification of Train Resistances. 
C. Inherent Train Resistances. 
1. Journal resistance. 
2. Rolling resistance. 
3. Atmospheric resistance. 
4. Miscellaneous resistances. 
D. Train Resistance Formulas and Diagrams. 
1. Freight train resistance. 
2. Passenger train resistance 
3. A train resistance formula commonly 
used in electric traction. 
E. Incidental Resistances. 
1. Grade resistance. 
2. Acceleration resistance. 
3. Curve resistance. 
4. Wind resistance. 
5. Miscellaneous resistances. 
F. Resistances Peculiar to Locomotives. 
1. Machine friction, etc. of steam locomotives. 
2. Gear loss, etc. of electric locomotives. 
A. Train Resistance and its Importance. 
It is said that, although there is no reason to doubt 
the validity of Newton's first law of motion it could not be 
demonstrated by purely physical experiments because a body in 
motion is always attended by some force or forces which act 
against the motion of the body. This criticism serves also as 
the statement of a.nother physical law, that is, the law of ex-
istence of resisting force to the motion of a body. A railway 
train in motion cannot be an exception to this law, even when 
it is r unning on a smooth, level and straight track in perfectly 
still air. In fact 1 the motion of even a light local train is 
resisted by many thousand pounds of this resisting force and 
in the case of a very heavy freight train it is not unusual for 
the resistance to exceed a hundred thousand pounds. In order 
to keep a train in motion at speed this great res.istance must 
be kept neutralized at the expense of an equal amount of loco-
motive tractive force. Thus one pound of reduction in train 
resistance is precisely equivalent to the one pound of increase 
in the tractive effort of the locomotive in their economic 
value. The Lake Shore and Michigan Southern. in 1873 estimated 
that $785 1 000. a year could be saved by reducing the train re-
sistance by 25 percent.* The importance of a knowledge of 
train resistance arises in two ways . First. from the standpoint 
of the engineering departments, it is important because by cor-
rect analysis of train resistance they can recognize the ele-
ments of equipment and track vlhich cause train resistances and 
can compare their relative importance. With this knowledge 
they can properly estimate the justifiable amount of investment 
for improvement of the parts in order to reduce resistances. 
Improvement of this sort is 1 no doubt, equally as important as 
that of motive power for the purpose of increasing their trac-
tive effort. Secondly, the knowledge of the value or amount of 
train resistance is very important for the transportation de-
partment • . Only with this data established can they effect a 
proper and economical tonnage rating of locomotives. In fact, 
this is the most _important field of· application and all the train 
resistance experiments were primarily made for this purpose. 
---------------------------------------------------------------
* Proc. A.R.E. andM.W.A., vol. 8 1 p. 188. (1907). 
B, Classification of Train Resistances. 
In its most general sense by "train resistances" we 
mean any force or forces, the resultant of which, acting di-
rectly opposite to the effective resultant of the motive forces, 
retards or tends to retard the motion of a railway train. There 
are several different ways of classifying train resistances, but 
the following is regarded as the most concise and convenient 
classification especially for their analytical investigation. 
I. Inherent Resistances, or 11 Train-Resistance" 
(a). Journal resistance. 
(b). Rolling resistance. 
(c). Atmospheric resistance. 
(d). Miscellaneous resistance. 
II. Incidental Resistance. 
(a). Grade resistance. 
(b). Acceleration ' resistance. 
(c). Curve resistance. 
( d). Wind resistance. 
(e). Miscellaneous resistance. 
III. Resistances peculiar to Locomotives. 
(a). Machine friction, etc. of steam locomotives. 
(b). Gear loss, etc. of electric locomotives. 
In the paragraphs to follow a brief analysis of these 
resistances will be made, and in the next .chapter a detailed 
study of the train-resistance or inherent resistances will be 
attempted. 
c. Inherent Resistances. 
1. The journal resistance is that due to the friction 
existing between the lubricated surfaces of the axle journal and 
the bearing and is sometimes called axle resistance. The nature 
of this frictional force is considered to be exactly the same 
as the journal resistance of a steam engine shaft, a turbine 
shaft, a dynamo shaft, etc., although the magnitude differs 
considerably on account of different methods of lubrication and 
the use of different lubricants. The journal resistance of 
railway trains is a very important element of train resistance 
because of its magnitude. As will be seen later, the resis-
tance of trains - passenger or freight - at low speed, say be-
low 10 or 15 m.p.h., is almost entirely due to this journal 
resista.nce, and even at 15 - 40 m.p.h. the Journal friction is 
still the major part of the train resistance. The economic 
value of reducing this resistance is such that some advocate 
the use of ball or roller bearings in the journal boxes of rail-
way cars.* 
2. The rolling resistance includes (1) the rolling 
friction which is offered when wheels roll on a perfectly 
straight, level and rigid rail or track, and (2) the track re-
sistance, which is due to (a) the imperfect alignment and 
joints of rails,, (b) due to the work done by the wheels on the 
rails or by the train depressing the elastic rails or track 
continuously while it runs on the track. The rolling resist-
ance varies greatly with the conditions of the tra.ck, it is, 
-------------------------~------------------------------------
* Proc. Inst. C.E., v. 153, p. 22?; Thurston's Friction and Lost 
Work, p. 3?6. 
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however, thought to be a very small part of the train resistance 
for well constructed and well maintained track, while it is of 
such magnitude for poor track that railway managers do not spare 
money for track improvement mainly to reduce this class of re-
sistance. 
3. The atmospheric resistanc~ . is the resistance of still 
air to a train in motion. Tnis resistance may be further dif-
ferentiated as (1) the head air resistance or the reactional 
force of the impact of the front end of a train in motion 
against still air; (2) the rear suction, due to the partial 
vacuumi created by the train at its rear end; and (3) the skin 
friction or the surface friction on the sides, top and bottom 
of the train. As will appear, the atmospheric resistance is 
considerably influenced by the area and shape of the head and 
rear ends and also the condition of the sides, top, and bottom 
surfaces of the locomotive and cars; and improvement in this 
direction is slowly but ceaselessly progressing especially for 
high speed trains since the atmospheric resistance is the major 
part of train resistance at higher speeds. 
4. The miscellaneous resistance includes all the in-
herent resistances which are not included in the first three 
classes of resistance mentioned above. Owing to the difficulty 
of separately investigating these resistances, we at present 
know little about their exact nature and magnitude. They, how-
ever, seem to be due to the complicated internal frictions of 
the train in motion, such as those between the couplers, side 
bearings, and energy consumed by the vibration, and also to 
external friction or the increase in rolling resistance, all due 
to the oscillation and concussion of the train*. 
D. Train-Resistance Formulas and Diagrams. 
The proper method of determining the aggregate amount 
of these inherent resistances or train-resistance is the road 
test with a dyna.mometer car, although it is not impossible to 
determine it by other methods, such as a road test without a 
dynamometer car, a "run off" test, and a "gravity" test, the 
last two of which are the methods usually employed in continen-
tal Europe. There are about seventy different formulas, among 
which the following are the most reliable and the most exten-
sively used in this country. 
(1). Freight train r~sistance. - The result of most 
elaborate freight train resistance tests made on a well con-
structed and well maintained track under the service conditions 
usual to ordinary train operations**, is shown in Figs. 45 and 
and 46. The formula, (1) represents very closely the entire 
* Strahl: "Is the endway oscillation of locomotive a disturbing 
movement?", Bul.Int.Ry.Cong.,Jan. 1908; George Marie: "Les 
oscil1ationadu materiel dues au materiel liu-meme et les 
grandee vitesses des chemins der fer", Rev.Gen.des Chemins des 
Fer, 1\fay 1907; Mehl is: 11 Theore tische Betrachtungen ueber die 
Schwingungen von Schnellfahrenden D-Zugwagen und deren pr~ct-
ische Mes sung", Classer• s An.der Gew. und Bau., May 1, 1908; 
Waddigen: "Un t 'ersuchungen ueber das unruhige Laufen der Drehg-
estellwa.gen 11, Glasser•s An.der Gew. und Bau., Mar. 1,1909; 
"Das Wanken der Lokomo ti ven \ffl un ter Berucksi chtigung des 
Federspiels", Zeit.d.Ver.deut.Ing., April 3, 1909. 
** E. C. Schmidt: - ''Freight Train Resistance". Eng. Exp. Station, 
University of Illinois, Bulletin No. 43. 
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result of the test. 
8 + 36.6 - 0.031W R = ~------~~~-~~- . • . . . . . . . . . . . . ( 1 ) 
4.08 + 0.152W 
where R denotes the train resistance in pounds per ton, S the 
speed in miles per hour, and W the average car weight of the 
train in tons. The following formulas give the values of R 
within 1/2 percent. 
When W = 15 tons, R = 7.15 + 0.085S + .0017582 
When W = 20 tons, R = 6.30 + 0.0878 + 0.0012682 
When W = 25 tons, R = 5.60 + 0.0778 + 0.0011682 
When W = 30 tons, R = 5.02 + 0.066$ + 0.0011682 
When W = 35 tons, R = 4.49 + 0.0608 + 0.0010882 
When W = 40 tons, R = 4.15 + 0.041S + 0.00134s2 
When W = 45 tons, R = 3.82 + 0.031S + 0.0014082 
When W = 50 tons, R = 3.56 + 0.0248 + 0.0014082 
When W = 55 tons, R = 3.38 + 0.0168 + 0.0014282 
When W = 60 tons, R = 3.19 + 0.0168 + 0.0013282 
When W = 65 tons, R = 3.06 + 0.0148 + 0.0013082 
When W = 70 tons, R = 2.92 + 0.0218 + 0.0011182 
When W = 75 tons, R = 2.8? + 0.0198 + 0.0011382 
2. Passenger train resistance. - in 1915, a series of 
passenger train resistance tests* was undertaken with regular 
service passenger trains on the well ballasted tracks of the 
New York Division and on the W.J .& S.R.R., Pa.R.R. Co. The 
following formula represents the results very closely and can be 
* Pennsylvania Railroad Test Department, Bulletin No. 26, 
page 25. 
lv~ 
used for the estimation of train resistance on well constructed 
and well maintained tracks: 
R = !.QQ. 
w 
+ l. 5 + V(V + 16) 
100 VW • • • • • • • • • • ( 2) 
in which vis the speed in miles per hour, W the average weight 
per car in tons, and R the "average maximum" resistance in lbs. 
per ton. 
The results of other passenger train resistance teats*, 
which are regarded as applicable to trunk line passenger ser-
vice are exhibited in Figs. 47 and 48. 
3. Train resistance formula used in electric traction~*-
R = _..§.Q_ + o.o3s + o.ooas2(1 + n - 1) ( ) 
./Vi w 10 • • • • • • • • • • 3 
where R represents the train resistance, lbs. perton; W the 
car weight in tons; a the cross section of car, sq. ft.; and n 
the number of cars. The diagraia in Fig. 49 is based on this 
formula. 
E. Incidental Resistances. 
1. Grade resistance. - When a train is running on an 
up-grade it encounters a certain resistance additional to that 
on level track. This extra resistance is called grade resis-
tance. As mentioned before, this resistance is due to the 
force expended to increase the potential energy of the train or 
to elevate its position, and it has been demonstrated that the 
---------------------------------------------------------------
* E. C. Schmidt and H. H. Dunn: "i!:h:e: Passenger Train Resistance" 
Bul. A.R.E.A., vol. 18, p. 689. (Feb. 1917). 
**A.H. Armstrong: "Electric Traction", Standard Handbook for 
Electrical Engineers, Section 13. 
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grade resistance in lbs. per ton is 
R = 20.G. g . ..................... . 
if G represents the gradient of the track in percent, or 
(4) 
R = 0.3?9f g . . . . . . . . . . . . . . . . . . . . . 
( 4 t ) 
when f denotes the gradient in feet per mile. 
2. Acceleration resistance. - It has been shown in a 
previous chapter that when a train changes from higher to low-
er speed its inertia force acts in the direction of its motion, 
and that it requires the same amount of force in order to change 
from a lower to a higher speed or to accelerate the motion. 
The force required to accelerate the motion of a train is call-
ed acceleration resistance, and its magnitude is expressed by 
the formula previously developed, that is, 
Ra= (91.05 + 145.5N/w)A . . . . . . . . . . . (5) 
or 
2 v2 
Ra = (66.7 + l06.?f)(_v_2_-_l) ••••••• ( 5' ) 
s 
where N is the number of cars in the train, W the average 
weight of car in tons, v1 and v2 the speed in miles per hour, 
S the distance in feet, and A the acceleration in miles per 
hour per second. For approximate formulas see page 27. 
3. Curve resistance. - Curve resistance is the extra 
resistance experienced by a train when it runs over a curved 
track in addition to the train resistance on level and tangent 
track in still air. This resistance is due, first, to the 
slipping of the outside wheels forward or the inside wheels 
backward on account of the unequal distance displaced by the 
1Ui 
wheels of equal diameter* fixed rigidly on a common axle; and 
second, to the rubbing or grinding action of wheel flanges when 
the elevation of the outer rails is not sufficient and when ex-
cessive**· Another factor which properly is to be attributed 
to curve resistance is the resistance due to the friction of 
center pins and side bearings in order to adjust the position 
of the truck bodies to the curvature on entering the curve and 
to the tangent on leaving it.# When compared with grade re-
sistance curve resistance is generally very smalli nevertheless 
it is worthy of attention for there are cases in which a series 
of curves limits tonnage as a ruling grade does.## The exact 
nature and magnitude of curve resistance are not known. There 
are, however, several formulas proposed: 
RC= 0.5D 
Rc = 0.8D 
. . . . . . . . . . . . . . . . . . . . . (6) 
(?) 
---------------------------------------------------------------
* The tread of wheels is usually coned so that the slipping on 
curves may be avoided, but it is difficult to have a proper 
taper of the cone which avoids the slipping on curves of any 
degree and for any speed of a train, further even4the wheel 
could be coned ideally it would become out of shape by wearing; 
thus the slipping is unavoidable. 
** The elevation of outer rail on a curve can be done for only 
one definite speed, but trains of different speeds have to run 
on the same track, so the grinding action is also unavoidable 
in.practice. 
# Pennsylvania Railroad Test Dept. Bulletin No. 26. p. 16; and 
George Marie: "Les oscillation du materiel d.es chemins de fer 
a l'entree en courbe et a la sortie", Mem. Soc. Civ. de France, 
Nov. 1905. ' 
## A. M. Wellington: "Economic Theory of Rail way Location, 
p. 32?; and E. Spirgatis: "Berechnung der Fahrzeiten ••• ", p.5. 
1v~ 
in which R is the curve resistance in pounds per ton and D the 
c 
degree of the curve. The formula (6) is one which had been 
popularly used for many years before the formula(?) was re-
commended by the committee on Economics of Railway Location, 
and it is still used by electric railway engineers and some 
steam railway engineers. The formula seems to give very satis-
factory results when applied to sharp curves such as those 
used in street railways, but too low for the curves generally 
found on main lines of steam roads, for which(?) is more gen-
erally applicable.* The following formula 
Rc = 0.4 + (0.21 + 0.035A)D (8) 
which ta..~es into consideration the wheel base of truck, A was 
developed by Dean W. G. Raymond** of the State University of 
Iowa and is claimed to give very satisfactory results. He 
states, "It is probable that the results of the formula", 
referring to the formula (8), "should be somewhat increased 
for very low velocities, and possibly diminished for very high 
velocities, since the coefficient of sliding friction varies 
with the velocity of sliding" and he gives the following form-
ula for high speed passenger trains: 
RC= (.4 + (.21 + .035A)D)(l - s ;0~0 ) ••.••••. (8') 
--------------------------------------------------------------
* Pennsylvania Railroad Test Dept. Bulletin No. 26, p. 16. 
** W. G. Raymond: Element of Railroad Engineering, p. 17?. 
For another curve resistance formul~ which takes in consid-
eration the wheel base and also the gauge of tracks, see 
s. Whinery, Transactions of the American Society of Mechan-
ical Engineers, April, 1878, or Thurston's "Friction and 
Lost Work", p. 213. 
wheres is the speed of train in m.p.h., and R0 , A, and Dare 
as defined before. It is doubtful, however, as both he and 
Wellington* s.tate , whether curve resistance decreases with 
speed. As a direct contrast, we have the following formula** 
which indicates an increase in curve resistance with speed: 
R0 = 0.058SC . . . . . . . . . . . . . . . . . . (9) 
In formula 9 Re represents the curve resistance, pounds per 
ton; S the speed, miles per hour; and C the degree of curva-
ture. 
The coefficient of friction between non-lubric3,ted 
surfaces like those of wheels and rails and of brake shoes and 
wheels, decreases with speed as will be seen in Fig. 50. The 
speed of slipping of wheels is about 2 m.p.h. when a train is 
running on a 10 degree-curve at 60 m.p.h. and the variation 
of the coefficient with speed ia very great. The speed of 
the wheel flange is, however, the same as that of the train, 
and the coefficient decreases slowly with the speed. So far 
these facts confirm the statements of Raymond and others. But 
it is not true when we take in consideration the effect of 
centrifugal force. Suppose the superelevation of a track with 
10 degree curvature, for instance, is designed for 50 miles 
per hour train speed. Then any train running at the speed 50 
m.p.h. has no lateral pressure on the rails, and the curve re-
sistance is en~irely due to the slipping of either or both of 
the outer and inner wheels. A train running at 80 m.p.h., 
--------------------------------------------------------------
* Wellington's Economic Theory of Railway Location, p. 911. 
** Schmidt and Dunn: The Tractive Resistance on Curves of a 
28-ton Electric Car., Eng. Exp. Sta. U.of I. Bulletin No. 92. 
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howevert has lateral pressure on the outer rails, which equals 
(80 - 60) 2 times a certain constant divided by the radius of 
curvature or about 210 pounds per ton in this case. If we 
assume the coefficient of friction at 80 miles per hour as O.lOt 
the curve resistance due to the flange action is 21 pounds per 
ton or 2.1 lbs. per ton per degree at 80 m.p.h. In this case 
the slipping willt probably, occur only on the inner rails 
since the pressure on the inner rails is reduced by about 
10 percent more or less, depending upon the position of the 
center of gravity of the car. The slipping speed is about 2.5 
m.p.h. and the coefficient is about 0.20 at this speed. The 
reduction in curve resistance due to the decrease in the weight 
on inner rails is about 1.3 pounds* per ton or .13 lbs. per 
ton per degree. Hence the net increase in curve resistance 
due to the speed is about 2 pounds per ton per degree. The 
resistance will increase by the same amount if the train runs on 
the same curve at a speed of 40 miles per hour. Thus, curve 
resistance increases with the difference of actual speed and 
rated speed** of the superelevation, and quite independently of 
the actual speed of a train. This does not, however, mean 
* 210 x 0.20 x (2.5/80) = 1.3 since actual displacement is only 
2.5 mhile the train displaces 80 miles in an hour. Due to 
the clearance of 3.8" to 3/4 11 between wheel flanges and r~ils, 
wheels may not slip continuously but slip certain distances 
and then roll, then slip and roll again. etc. Thus the act-
ual time of slipping is equal to 2.5/80, and average resistance 
throughout the time is 1.3 lbs. instead. of 4.2 lbs. 
** By "rated speed" is meant here the speed at which the result-
and of centrifugal force and the weight passes through the 
center line of the track. 
11~ 
that the curve resistance is least at the rated speed of a 
curved track. The outer leading wheel of each truck runs 
against the rails even when the actual speed is considerably 
lower than the rated speed. At a certain sufficiently low 
speed - perhaps about 10 or 20 m.p.h. below the rated speed -
the leading wheels too will not continuously grind either 
outer or inner rails. This is the speed at which the curve 
resistance is lowest, and below this speed the resistance 
will increase as the speed decreases, since the gravity force 
attracts the inner wheels to rails and increases the resis-
tance. 
4. Wind resistance. - Sometimes railway cars left on 
tracks in an open yard ~re started by the pressure of storm 
winds overcoming the starting resistance of the car. It was 
said that George Westinghouse got his first idea of the air 
brake by observing a railroad train stalled by strong wind. 
Thus we see what wind resistance means to the motion of rail~ 
road trains. If the wind blows exactly in the direction of 
the motion of a train it assists the motion, but if the rela-
tive direction is shifted the normal component will augment 
the flange friction to such an extant that the effect is de-
cidedly worse* than the direct head wind, although we have 
not data sufficient to determine the exact relation of its 
direction and ,speed to the wind resistance. If the wind is 
blowing exactly opposite to the motion of the train, the wind 
------------------------------------------------------------
* For further information see "The effect of cold weather 
upon train resistance and tonnage rating", by E. C. Schmidt 
and F. W. Marquis, Eng. Exp. Station, U. of I. Bul. No. 59. 
and Proc. A.R.M.M. vol. 4?, 1914. 
resistance may roughly be estimated by the formula, 
l\, = 0.0025AV2 .................... (10) 
in which I\v is the resistance in lbs., A the exposed area in 
sq. ft., and V the speed in m.p.h. The occurrance of such 
strong wind is uncerta.in and rare, and only in practical tonnage 
rating in yards a certain allowance is made for this resistance. 
5. Miscellaneous incidental resistances.* - Abnormally 
low temperature, say below 32 deg. F., reduces the viscocity of 
lubrics,nts, and thus increases materially the journal resistance. 
The density of the air at zero deg. F. is about 14 percent great-
er than that of at 70 deg. F. and its effect on the resistance 
of high speed trains must be considerable. Further, the low 
temperature lowers the efficiency and capacity of the locomotive, 
which is equivalent to an increase in train resistance. More-
over, the adhesion of drivers, on which the tractive effort at 
low speeds depends, is greatly reduced by moisture or snow on 
the rails. All these elements must be borne in mind for actual 
tonnage ratings. 
F. Resistances Peculiar to Locomotives. 
l. A steam locomotive has a complicated power trans-
mission mechanism between the pistons and the drawbar. The 
loss of energy or the resistance in this mechanism is called 
machine friction. Investigation** shows that this resistance 
---------------------------------------------------------------
it For further information, see "The effect of cold weather up-
on train resistance and tonnage rating", by E. C. Schmidt and 
F.W.Marquis, Eng. Exp. Sta. bulletin No. 59, Univ. of Ill. 
** American Locomotive Company, Bulletin No. 1001, p. 4. 
amounts to about 22.2 pounds per ton of weight on the driving 
wheels. Later experiments*, however, indicate that this esti-
mate is too low and 25 pounds per ton, or the following formula#, 
which includes the rolling resistance of the drivers,represent 
more closely the result of actual tests. 
~ = 18.?W + 80 .• D . . . . . . . . . . . . . . . . . (11) 
in which l\ni~the machine friction , including the rolling resis-
tance of the drivers in pounds per ton of the total weight on 
drivers ,W1 and D the number of driving wheels. The train re-
sistance of the trucks of the locomotive proper and of the ten-
der can be estimated by considering them as freight cars of 
appropriate weight by means of the formula, (1) on page 101. 
Besides these resistances the locomotive coupled to the head of 
a train encounters always the head air resistance, which may 
be expressed by the formula, 
2 Ra= 0.0025AV. 
2. An electric locomotive. - Although there is no ex-
perimental data available on the machine friction of electric 
locomotives, it is generally thought to be, due to the absence 
of heavy reciprocating mass and the uniformity of the torque, 
less than that of a steam locomotive of the same power. Elec-
trio locomotives, however, have special heavy rotating masses -
motors and gears or main rods-which require extra energy in 
accelerating the, train. Other resistances of electric locomotives 
---------------------------------------------------------------
* Laboratory Tests of a Consolidation Locomotive, .by Schmidt and 
others, Engineering Experiment Station Bulletin No. 82, U.of I. 
# p roceedings American Railway Engineering Association, vol. 11, 
part 2, p. 644. 
1.1. 5 
may be estimated the same way as for steam locomotives. 
All the incidental resistances, such as grade, curve, and 
acceleration resistances must also be considered for all loco-
motives - steam or electric. 
VII. DERIVATION OF A GENERAL FORMULA FOR TRAIN RESISTANCE. 
A. Importance of a Rational Train Resistance Formula. 
B. Journal Resistance. 
1. Bearing friction and journal resistance. 
2. Coefficient of friction as a function of 
speed, pressure, and temperature. 
3. Review of opinions on journal resistance. 
C. Rolling Resistances. 
1. Rolling resistance due to rolling friction. 
2. Rolling resistance due the action of wheels 
in depressing the rails. 
D. Miscellaneous Resistance. 
1. Flange action. 
2. Review of opinions on rolling resistance and 
miscellaneous resistance. 
E. Atmospheric Resistance. 
1. Review of investigations on atmospheric re-
sistance. 
2. Formula for air resistance. 
F. Train Resistance Formula. 
1. Characteristic equation for train resistance. 
2. Determination of the constants. 
3. Comparison of the result of the formula. 
A. Importance of a Rational Train Resistance Formula. 
The subject of train resistance is one that has attract-
the attention of railway engineers ever since the inception of 
railway transportation~ The need of more accurate knowledge of 
* Nicholas Wood: , "Practical treatise on railroads, and internal 
communication in general", p. 169-201, 1st ed. London (1825) 
Thomas Tredgold: "A practical treatise on railroads and car-
riage", p. 39-62, 1st ed., London (1825). 
De Pa.mbour: "Traite theorique et practique des machines loco-
motives". p. 134, 1st ed. Paris (1835). 
this subject was, however more fully realized when the busy but 
prosperous period of trunk line expansion closed and the atten-
tion of railway managers turned to scientific and economical 
railway train operation. Many series of painstaking and careful 
experiments on train resistance have been made by prominent en-
gineers and able investigators at different times and places, 
and no less than seventy different train resistance formulas 
have been proposed each claiming accuracy and reliability. In 
spite of this fact, however, much uncertainty still exists, the 
results and formulas differing widely and yet leaving unexplain-
ed the causes and reasons for the variations. Not only do their 
numerical results diverge widely, but the formulas are of forms 
very different in their fundamental functions. In the practi-
cal application of train resistance formulas accuracy is, no 
doubt, the most important requirement and their rationality need 
not be so much insisted upon. But a formula which gives accura-
te numerical results and which is consistent in form with the 
underlying theories is certainly more valuable than an ordinary 
empirical formula, which has no physical meaning. 
In this chapter an attempt is made, first, to determine 
a characteristic equation of inherent train resistance as a 
function of speed, weight of' cars, and several other factors 
which have an important influence on train resistance, by means 
of an analytical' study of elementary resistances such as journal, 
rolling, and atmospheric resistances; and then to determine the 
constants in the equation by means of the results of the most 
reliable train resistance experiments, so that the formula thus 
1.18 
derived may be consistent with the theories and that it may at 
the same time furnish accurate numerical values of train resis-
ta.nee under given conditions. 
B. Journal Resistance. 
1. Be aring friction and journal resistance. - In dis-
cussions of journal resistance, the terms, "bearing" or "journal 
friction" and "journal resistance" are often taken as synonyms. 
It is, however, convenient to have the meaning of these terms 
distinguished. Bearing or journal friction is the frictional 
force whose point of application is on the contact surface of 
the journal and bearing, while journal resistance is that force 
measured at the tread of the wheel; and they have the following 
relation: 
a 
d 
. . . . . . . . . . . . . . . . • . . • ( l ) 
where Rj represents journal resistance, Fj the journal friction, 
and a and d the diameters of journal and wheel respectively. 
The Equation ( 1) may be rewritten as follows: 
a Rj = 2000d~ pounds per ton (2) 
in which~ denotes the coefficient of journal friction. The 
values of a and d can be determined without trouble, hence we 
can determine by means of (2) the journal resistance as soon as 
we get the value of~· Tp determine the precise value of m 
under various conditions, however, is not an easy problem. 
Many valuable results of experiments undertaken by several 
authorities on the subject of friction have been published* and 
its magl}itude under different conditions, as well as some of its 
auxiliary laws,are known; but the general law which governs the 
variation of mis not yet known. 
2. Coefficient of friction as a function of speed, pres-
sure and temperat~. - A careful study of the published results of 
ex:per-imentalinvestigations leads to the conclusions: first, that 
when other conditions remain constant the relation between the 
coefficient of friction, ~· and the velocity of the journal, v, 
can be expressed by an equation of the form, 
!!! = a ,/v, . . . . . . . . . . . . . . . . . . . . . . . (3)** 
where a is a certain constant; and second, that when other 
things are constant, . the coefficient of friction is an inverse 
function of the intensity of bearing pressure, p, or 
*R.H. Thurston's "A Treatise on Friction and Lost Work", 
Wiley & Sons, publishers. 
R. Stribeck: "Die wesentlichen Eigenschaften der Gliet - und 
Rollenlager", Zeit.d.Ver. Deut. Ing., vol. 46 (1902) 
pp. 1341, 1432, and 1463. 
O. Lasche: "On Bearings for Hi~h Speeds", Traction and Trans-
mission, vol. 2, No. 22, {1903). 
J.E. Denton: "Special Experiments with Lubricants", Tras. 
A.S.M.E. vol. 12, p. 405, (1891). 
G. Good.man: "Recent Reserches in Friction", Proc.I.C.E. V. 85, 
p. 376 (1886). 
C.J.H.Woodbury: "Measurements of Friction of Lubricating Oils" 
Engineering, vol. p. 532, (1884). 
B. Tower: "Th~ory of Lubrication", Phil. Trans. 1886; Inst. 
M.E. Sept. 28, 1883 or Engineering, vol. 36, p.451,(1883). 
** The form is correct for speeds up to about 50 or 60 m.p.h. 
except for very low speeds, i.e., below 4 m.p.h. when cars are 
heavily loaded and l m.p.h. when they are lightly loaded. It is 
also fairly correct for speeds between 60 and 100 m.p.h. (see Stri-
beck's, Lasche's and Thurston's works. The diagrams in Fig. 52 
is reproduced from Stribeck's figure 10 on page 1437. 
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constant 
m = 
- p + b 
• • • • • • • • • • • • • • • • • • • • • ( 4) * 
where bis a certain constant. Then combining (3) and (4), 
we get 
m - a' .fl_ 
- ' 
- p + b 
• • • • • • • • • • • • • • • • • • • • . • • • ( 4' ) 
Further, the results of the experiments indicate that when 
other things remain constant, the coefficient varies inversely 
as the temperature of the journal, t, that is, 
constant 
m = 
- t 
• • • • • • • • • • • • • • • • • • • • • ( 5 ) ** 
Combining, then (4') and (5), we have 
m = a" fi . • • • ..... • .......... • . . ( 5, } 
(p + b)t 
In equation (5') p, v and tare mathematically all in-
dependent variables, but physically t depends upon both p and v. 
When we consider a very wide range of pressure, the journal tem-
perature is certainly a function of the intensity of journal 
pressure but under ordinary service conditions of car loading, 
t may be considered ~s independent of p. The increase in jour-
nal temperature due to increased speed of journal, however, 
should not be overlooked. The experimental data on journal tem-
peratures indicate, as shown in Fig. 54, that the relation may 
be quite well expressed by an equation of the form 
t 2 = kv or t = k /v 
--------------------------------------------------------·--~---
* Thurston gives a formula m = constant/p~. but (4) is prac-
tically (geometrically) equal to this formula and it is easier 
to apply. 
** See Fig. 53. 
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* in which vis the speed, k a constant, and t the rise in jour-
nal temperature above that of the atmosphere. We consider in 
this connection only difference in temperature between the jour-
nal and the atmosphere and postpone for consideration under 
"effects of weather" the changes in journal resistance due to 
changes in temperature of the surrounding air. Then, substitu-
ting this fort in (5'), we get simply 
m = k' (I} b •••••••••••••••••••••••••••• 
- p + 
where k' is some other constant. This is a characteristic equa-
tion of the coefficient of friction between lubricated surfaces 
as a function of speed, pressure and temperature, although t and 
v do not appear in the equation. The diagrams in Fig. 55, which 
came to the notice of the writer after he had derived equation 
(I) from other materials, support the equation very well. The 
diagrams show that if we let the journal temperature rise free-
ly without artificially warming or cooling the journal*, the 
coefficient of friction will increase with the speed until the 
until the 
journal attains a speed of about one meter per second or A train 
attains a speed of about 12 m.p.h., provided the pressure is 
very small, say below five kilograms per square centimeter, coP-
responding to a car weight of nine tons. Above that speed the 
coefficient is constant. Although the diagram does not show the 
' 
----------------------------------------------------------------
* In case of a railway car journal, when the train is running, 
the air acts like a cooling device on a stationary journal. The 
experimental data shown in Fig. 54, indicate that the temperature 
rises in practically the same way as in the case of a stationary 
journal. This may be due to the fact that the relative speed 
of the air near a train is not so great as Nipher's experiment 
shows. 
Pb9r,:::T/77 5,,iow/a:7 8e/7at//Or d 
Coeffic/c?n-/o/ ,,C:-,,r/c;l,oa 
w~ea a /Oornc:7//j- /7L?7 a.rhhc/,b,//# Cocke/ 
r:/ J . 
K ..J:;/r-/oeck. 
Fj-S-F 
12ti 
curves for higher pressures such as are common in railroad prac-
tice - that is about 10 to 45 kg. per cm. - it can be easily 
reasoned that at such high pressures the coefficient is inde-
pendent of speed and temperature (combined) but that it is an 
inverse function of pressure. 
3. Review of opinions on journal resistance. - The 
characteristic equation (I) has been based mainly upon the re-
sults of general experiments, which were made without any par-
ticular reference to the journal friction of railway cars. 
There may be, however, many respects in which car journals dif-
fer from others. In order to determine whether the equation is 
applicable without modification to railway car journals, the 
following review of the opinions* of railway engineers who have 
had valuable experience in train resistance investigation is 
made. 
Crawford** states tha.t •the frictional resistance varies 
considerably. The friction expressed in pounds per ton of draw-
bar pull increases as the speed increases". Armstron~ says: 
"The laws governing the friction of journal bearing are fairly 
well understood and the fact that such bearing friction consti-
tutes part of the resistance opposing the motion of a train, 
need introduce no undetermined factors. Such friction losses 
---------------------------------------------------------------
* Only a few are cited here, but the writer considers that he has 
made a very thorough and careful study of the opinions express-
ed in the available publications. 
** Proceedings A.R.E.A., vol. 8, p. 224. (190?). 
! "Electric Traction". Standard Handbook for Electrical Engineers, 
p. 951. 
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decrease with the pressure on the bearing and are a function of 
speed. Hence the expression f =A+ BS, • • • . . f a = - + BS". 
vW 
Thus Crawford and Armstrong believe that journal resistance in-
creases with speed. They may be right if they are referring to 
resistance when the trains are undergoing rapid acceleration. 
Aspinall*, after his study of the experimental results 
of Tower concluded that the journal resistance of English rail-
way coaches could be expressed as the following diagra.~ shows: 
--
---t------- ----
---
/ Tow~r-,-- n ~ I 
'<i 
'+ 
I ~ I 
" I I 
0 /0 zo 30 4-0 - 70 80m.,R~. 
Tower's experiment covers a very small speed range and is very 
incomplete compared with some of the more recent tests. In his 
train resistance formulas, Aspinall assumed that the journal re-
sistance is independent of speed and also of bearing pressure. 
Referring to his train resistance formula R = 3.2 + 
0.077V + 0.0025V2 , Barbier** states "The constant 3.2 represents 
----------------~-----------------------------------------------
* J.F. Aspinall: "Train Resistance" , Minutes of Proceedings of 
Inst. of Civil Eng., vol. 147, p. 155. (1901). 
** Cited in Proc. A.R.E.A., v. 8, p.219, (1907). See also "Re-
sistance a la Traction", Le Genie Civil, 1897-98, v. 32, p.377. 
,. 
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the different fixed resistances of the cars, such as friction of 
axles, the rolling resistance of the tires and the shock, whether 
periodical or accidental, between the wheels and the rail .••.. 
The friction of the journal is the most important element of 
the fixed resistance, if we consider that the train and the 
track are in good condition". 
Referring to B. Tower's and W. Stroudley's experiments, 
Carus-Wilson states*, "From these tests it appears that under 
the conditions usual in ordinary railway practice, journal fric-
tion is independent of both speed and load, and may be taken to 
be a constant quantity depending only upon the wheel and journal 
diameters ff . . . . . . . . . 
Blood in his "Rational Train Resistance Formula11 JlS' discuss-
es journal resistance only briefly; but seems to consider that 
it varies inversely with pressure and that it is independent of 
speed. 
An Engineering News editorial** says, "The general law 
of friction is also well determined that at very high speeds the 
lubricants are so well carried around between the meta~ic sur-
faces that the friction is greatly reduced, and may almost be-
come evanescent. Mr. J. w. Cloud and others have the opinion 
that at high speeds the journal friction proper may be less even 
than 2 lbs. per ton". 
---------------------------------------------------------------
* C.A. Carus-Vlilson: "The Predetermination of Train-Resistance 11 
Min. of Proc. of I. of C.E., vol. l?l, p. 22? (1908). 
p Transactions A.S.¥.E., vol. 24, p. 
** The Engineering News, 1890, p. 506, and also Bul. A.R.E.A. and 
M.W.A., vol. 8, p. 201. 
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Wellington* advocates the use of a formula in the form 
of Rj = a/v + b for journal resistance when the train is started 
from rest after a long stop; and he considers that Rj is constant 
when a train has been continuously moving, i.e., when the jour-
nal boxes are warm. Referring to pad or siphon lubrication, he 
says, "The latter being more like the ordinary lubrication in 
railroad service, we may say, without sensible error, that the 
coefficient of journal friction is approximately constant for 
velocities of 15 to 50 miles per hour. This has been the assump-
tion which all investigators of railroad friction, to date, have 
been compelled to make, and it is, in some respects, fortunate 
that it proves not far from truth." 
Authorities thus apparently differ in their ideas of 
journal resistance, but a careful consideration of these opin-
ions makes it clear that most of them are not inconsistent with 
our characteristic equation (I), while others define merely par-
ticular cases of the equation, that is, some consider it is in-
dependent of pressure, others it is independent of speed, and 
so on. Most of these differences of opinion can be reconciled and 
but few of them are inconsistent with equation (I) when we 
take into consideration all the limitations or assumptions sur-
rounding them. In view of this fact and in view of the irre-
proachable character of the experimental data which has been 
cited in its support, the writer believes that formula (I) may 
be accepted as a general characteristic equation for the fric-
tion of railroad journals. 
---------------------------------------------------------------
* Wellington's "Economic Theory of Railway Location", p. 923. 
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C. Rolling Resistances. 
1. Rolling resistance due to rolling friction. - The 
resistance due to the rolling friction of wheels on rigid rails 
may be computed by the formula, 
R f w = r d 
or = 
f 2000 lbs. per ton ...... (6) 
d 
where R denotes the resistance, f the coefficient of rolling 
r 
friction, d the radius of wheels, and W weight on the wheel. 
The law of variation of the coefficient under different condi-
tions is not yet well established. It is easy, however, to 
show that the coefficient, which is an abstract number, cor-
responds exactly to a physical length, 1, which is shown in Fig. 
56. Certain investigators have assumed that f is equal to 1', 
one-half of the total length of the contact surface of wheel 
and rail, instead of 1. This as sump ti on, however, leads to 
absurd results, i.e., that the resistance due to rolling fric-
tion is from 15 to 65 lbs. per ton. This indicates that the 
I 
I 
I 
I 
13:i 
center of moments should not be chosen at a' since the resultant 
of the rolling resistance does not act at a' but somewhere be-
tween a' and b, say at a. It is clear that if we assume that 
the pressure per unit area of the contact surface is uniform from 
a' to b, and that the width of the surface is also uniform, then 
1 is one-half of l'. In fact the specific pressure near b must 
be much greater than that at a', because the rail is compressed 
to much greater extent at b than at a'. (see Fig. 49.) Further 
the width near b of the contact surface is much greater than that 
at or near .a'. Therefore, the point of application of the result-
ant is very close to b; and not at a' as some persons have 
assumed.. 
The law of variation of the coefficient of rolling fric-
tion with pressure has not been conclusively determined. In fg.ct, 
some consider that there is no such variation, but this would 
not be true when · a wide re.nge of pressure is considered. In Fig. 
61, is shown a straight line AB which represents very closely 
the variation of the longitudinal length of the contact surface 
of wheel and rail under different wheel loads.* If we assume, 
as is most probable, that 1 is proportional to l', and that the 
diameter of the wheel is constant, these data indicate that the 
coefficient of rolling friction is an inverse function of pres-
sure as shown by curve CD in Fig. 61. This curve can be express-
ed by an equation' of the form, 
* Railway Age Gazette, Ma,y, 7, 1909; and Proc. Pittsburgh R.R. 
Club, Nov. 1907, · an article by George B. Fowler. 
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f k = p + c 
A" 
Rr = p + c" ..................... (?) or 
where P represents wheel load, k, c, A", and c" certain con-
stants, and f and R are as defined before. 
r 
The influence of wheel diameter on rolling friction has 
been clearly demonstrated by Vial*. The diameter of railway 
car wheels, however, varies very little - from 33 to 38 or 
sometimes 40 inches - and may be considered as constant for the 
purposes of this discussion. 
The speed of a train will have some effect on rolling 
friction. Referring to Fig. 60, there must be a force similar 
to that acting at a on the right of b which tends to push the 
wheel forward while the former tends to push it backward. This 
is true when the wheel stands still. If, however, the wheel is 
rolling with a certain speed, the force behind the wheel must 
act or the depressed part ba" must spring up with a speed great-
er than that of the front part in order to assist in the roll-
ing of the wheel. We do not know with what speed the depressed 
part ba" can so recover, but it may be assumed that this force 
is insignificant at any speed when compared with the opposing 
force of the rolling friction. 
Here a CQnsiderable space has been devoted to analyse 
----------------------------------------------------------------
* F. K. Vial: "Standardization of chilled iron crane wheels", 
paper presented _at the annual meeting, Dec. 1914, of A.S.M.E. 
p. l?. The numerical results obtained by him are wrong be-
cause he assumed that the resultant acts at the remote end 
of the contact surfaces. 
1~ 
rolling friction. This is due to the fact some persons consid-
er that rolling friction is as great as 15 to 65 lbs. per ton, 
while others believe it amounts only to about one-tenth pound 
per ton, a negligible value in train resistance. Although the 
determination of the value l is very difficult, it is found to 
be from 0.00? to 0.02 inch.* With these values, from formula 
(7), we get values of rolling friction which vary from 0.85 to 
2.42 lbs. per ton. 
2. Track resistance.*! The resistance due to the work 
done by the wheels in depressing the rails may be analyzed as 
follows: 
---..:::::..._ - _ J_ - - -------=-----
h/J< 
Let W be the weight in tons on 
the axle, h the depression un-
der the axle in feet, h/k the 
inclination of the rail produc-
ed by the depression. Then, 
the ~aximum intensity where the 
depression is greatest, is 
w 
=-k tons per lineal foot. 
and the work done by the depression is 
l it 
= ~k. 
The rate of doing this work as the depression advances at v 
feet per second is 
---------------------------------------------------------------
* :Maurer's Technical Mechanics, p. 29?. 
** C .A. Carus-Wilson: "Predetermination of Train Resistance", 
Proc. Inst. C.E., vol. 153. 
1 
=- W ..ll.. v. 
2 k 
If T be the tractive force and v the speed, Tv is the 
rate of doing work, and 
Tv lw h v, = 
2 k 
T 1 wh = --2 k 
or t he corresponding resistance, 
1 h R = - 2000 per ton when the rails re-
2 k · 
cover or spring back to their original position before the fol-
lowing wheel arrives. If, however, the rails depressed by the 
first pair of wheels remain depressed until all the cars pass, 
R = ...1.... 2000 __ h ___ _ 
2 k Na 
per ton . . . . . . . . . . . ( 8) 
in which N is the number of cars and a the number of axles in 
each car. 
The resistance due to the additional depression at 
weak rail joints may be also estimated by a similar formula, 
1 h' R = ;r- 2000 ~ 
in which h'/k' is the depression at the joint. 
Whether the rails depressed by the first pair of wheels 
' 
of a train remain depressed until all other wheels pass, is a 
topic discussed by many engineers. The general opinion, however, 
is that the rails recover their original position before the 
following wheels arrive if the speed is low; but that they remain 
depressed if the speed is higher than about 10 m.p.h. This all 
depends upon the track condition. If a track is well construct-
ed and well maintained, the depression is small and the recovery 
is slow - a heavy rail has great stiffness and its depression is 
small, and the stiffness tends to keep it down if depressed. 
Thus it can be shown by means of the above formula that on a 
good trs.ck the track resistance is less than one-tenth of a pound 
per ton for ordinary trains*, - a negligible amount for practi-
cal purposes. Resistance due to rolling friction, however, 
amounts to about 30 percent of the train resistance at low speed. 
The foregoing analysis of rolling resistance · leads to 
the conclusion that the resistance due to rolling friction can 
be expressed by an equation of the form, 
R = r 
A" 
p + c" 
and that the aggregate rolling resistance, too, can be expressed 
by an equation of that form, since the resistances due to the 
work done by the wheels on the rails and that done to rail 
joints are negligible quantities compared with other resistances. 
D. Miscellaneous Resistances. 
Due to the fact mentioned before, we have little inform-
ation about resi'stances of this class. The follovting analysis 
* This is true vrhen the number of cars of a train is considerable. 
For a single or d_ouble-car train track resist~mce may amount to 1 
or 2 lbs. per ton , an amount which should not be ignored. 
of the flange action due to oscillation of cars, however, may 
throw a little light on this subject. 
l. Flange action.* - In Fig. 63, let DA represent one 
of the rails, and GA the wheel-base of a truck in its position 
of mean inclination to the rail, 
i 
4z 
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with the leading wheel touching the rail at A, the tread of the 
rear wheel at G being at a distance c/2 from the rail, where c 
is the maximum play between the flanges and the rails. 
The truck tends to roll in the direction GA but is pre-
vented from so doing by the action of the rail on the f ·lange at 
A, which produces a force Pat right angles to the rail, which 
acts on the truck and tends to turn it about the point G. The 
force P will depend upon the moment of inertia of the truck 
about G. 
If the tr~ck is moving with a velocity V it would roll 
---------------------------------------------------------------
* This analysis of flange action is due to C. A. Carus-Wilson, 
except that part in which the resistance due to flange action 
is considered as a function of pressure as well as of speed. 
from A to~ in unit time if AH= V. The force P brings the 
wheel to Kover the distance KH = S with an acceleration a, 
where S = (1/2)a. If Mis the mass of the truck, and eM be the 
equivalent mass at A for rotation about G, then P = eMa = 2eMS 
= eMVc/b, and the corresponding tractive effort required is 
meMVc/b, where mis the coefficient of friction. Hence T, the 
tractive effort per ton, is proportional to eVc/b. 
The quantity e will depend upon the distribution of the 
weight of the truck with respect to the wheel, and as this is 
nearly the same with trucks of different wheel-base, except in 
unusual cases where there is a very large overhang, this qua.nti-
ty may be taken to be constant. It follows that the tractive 
effort required to overcome flange-action is proportional to 
M.Vc/b. 
In the case of 11bogie-coach 11 the flange-action is pro-
portional to MVc/b for each of the "bogie-trllcks" of mass M' and 
wheel-base b. Hence if Mis the mass of the whole coach, in-
eluding the trucks, the tractive effort is proportional to 
2M'Vc/Mb. 
In this analysis Carus-Wilson assumes, as we have seen, 
that the coefficient of friction, mis constant, consequently 
the resistance due to flange-action is independent of pressure. 
The coefficient of friction, however, is not independent of 
pressure but assumes the form, 
a' 
m = 
- P + c' 
Then, substituting this value of~. we have 
or 
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c a' 
R = (eV b) p + 0 , 
= .;a v p '"+ k . . . . . . . . . . . . . . . . . . . . . . . . . . (III) • 
in which R is the resistance due to flange action, V the speed, 
P the intensity of pressure between flange and rail, and Band 
k are certain constants. 
The foregoing analysis of flange action covers, probablythe 
whole external effect of oscillation and concussion. We know, 
however, nothing about their internal effect, except that they 
may act and react upon each other or , even if they do not so re-
act , their resultant effect upon the tractive effort would be of 
insignificant value. Therefore, we assume, until their exact 
nature is known, that the miscellaneous resistance as a whole 
is a linear function of speed and varies inversely with the 
weight of cars as represented by formula (III). 
2. Review of opinions on rolling resistance and mis-
cellaneous resistances. - The following summary of the opinions 
of various authorities may serve to help us to an opinion con-
cerning the validity of the foregoing conclusions about rolling 
resistance and miscellaneous resistances. 
"Rolling friction", writes Armstrong, "is due to the 
friction of metal rolling on metal where the surfaces are not 
perfect, the bending of rails due to insufficient support, such 
\ 
as ties or ballast, or too light rail for the weight carried, 
flange friction between rail and wheel flange; all these factors 
being proportional to speed and hence represented by a straight 
line function f = A + BS". 
1,i -1 
- ':I' 1-
Aspinall, in discussing his "miscellaneous resistances", 
which include all the resistances due to oscillation, concussion, 
flange friction, rolling friction, etc., states 11 these miscel-
laneous resistances have been plotted 
value approximates to 
R = m 
v 
- 1. 
5.4 
............. and their 
"Rm increases as speed increases. This may be due to the fact 
that oscillation and probably flange friction are greater at 
high speeds with a long train than with a short one." Referring 
particularly to the resistance due to rail depression, he stated 
that according to his personal observation, when an engine was 
moving slowly at about 2 m.p.h. the inclination was about 1/720, 
the deflection of the rails being about 0.2 inch, but when the 
engine was running at 45 m.p.h. the deflection was about 0.25 
inch, that is deflection increased with speed; and that the de-
flection would also depend upon the kind of rails, tracks. etc. 
Mr. Fowler, who made the famous train resistance tests 
with Aspinall, says that he "made an observation one whole 
morning lying down near a main line and watching every train. 
He did not remember any single instance where there was not re-
covery in some degree after the engine has passed and in case 
of bo gies between the wheels of successive bodies." "At low 
speed (below 10 rn.p.h. )", Carus-Wilson says, "it does recover 
\ 
and it", referrin g to the resistance due to the rail deflection, 
11 is 2.8 lb. But above 10 m.p.h. it does not recover, so the 
value becomes a.bout 0.14 lb., a negligible quantity for a train 
of a large number of cars". Dudley says, "in America, a test 
was made and it was found that 85 lb. rails, under 80,000 lb. 
capacity and 15 m.p.h., did not recover for the entire train." 
Wellington says "Experiment indicates that their ag-
gregate" - journal resistance and rolling friction - "varies 
somewhat, but not materially, with the velocity." Blood, in his 
"rational formula" seems to consider that the "rolling friction" 
which includes the effect of oscillation and concussion varies 
with the first power of velocity. 
This review of the opinions and former analyses of roll-
ing resistances leads to the conclusions that: first, the roll-
ing resistance due to rolling friction may be expressed by an 
equation of the form, 
• • • • • • • • • • • • • • • . . . (II) 
second, the resistance due to the work done by the wheels in 
depressing the rails is a negligible quantity when the number 
of cars of a train is large and the speed is above 10 m.p.h.; 
and third, the sum of the miscellaneous resistances is a linear 
function of speed and it varies inversely with the weight per 
car, that is, 
R 
m . . . . . . . . . . . . . . . . . . . (III) 
E. Atmospheric Resistance. 
l. Review of atmospheric resistance investigations. -
As early as the seventeenth century, the subject of wind force 
or air resistance, which later was found to be an important 
element in the design of windmills, bridges, chimneys, projectile~ 
and the operation of railway trains , received the attention of 
eminent investigators and philosophers. Newton in about 1690 
deduced from his law of falling bodies a formula for the pres-
sure on a flat plane in air current, which is said to be con-
firmed by his classical experiment on wind force. The formula 
is usually expressed as follows: 
p = wv
2 
2g 
where p denotes the pressure per unit area of the flat plane, w 
the weight of the air per unit volume, v the velocity of the air , 
while g is the acceleration due to gravitation. From this it 
will be readily seen that the pressure p depends upon w, the 
weight of air, and win turn depends upon the temperature, bar-
ometric pressure and quality of the air. In the actual field of 
train operation however, the influence of these elements on the 
weight of the air is so slight that we can safely assume that w 
has the constant value of 0.0763 lb. per cubic foot. The preced-
ing equation then becomes 
2 
p = 0.0025V • • • • • • • • • • • • • • • • • • • ( 9 ) 
in which p represents the pressure in lb. per sq. ft •. of a flat 
plane perpendicular to the air current, the velocity of which 
is Vin miles per hour. 
In 1759, Smeaton published a table of velocities and 
wind pressures, which is fairly well expressed by the equation, 
p = 0.005V2 •••.•••....•.••..•• (10)* 
---------------------------------------------------------------
* All quoted in Kent's Mechanical Engineers' Pocket-book, 7th 
ed. (1907) page 492-494. 
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It may be noted that in this formula the coefficient of v2 is 
twice as large as in that of Newton, and it was said that "the 
formula was never well established, and has floated chiefly on 
Smeaton' s name and for 11:l.ck of a better".* 
As the results of later experiments, Professor Martin 
gives 
p = 0.004V2 • • • • • • • • • • • • . • • • . • • • ( 11) * 
and Whiple and Dives, 
p = 0.0029V2 • • • • • • • . • • • • • . . • • • • ( 12) * 
Kent* gives exceedingly interesting information on this 
subject. The following is an extract therefrom: "Prof. H. Allen 
Hazen (Eng. News, July 5, 1890) says that experiments with whirl-
ing arms, by exposing plates to direct wind, and on locomotives 
with velocity running up to 40 miles per hour, have invariably 
shown the resistance to vary with v2 . In the formula p = .005sV2, 
in which p = pressure in lbs., s = surface in sq. ft., V = ve-
locity in m.p.h., the doubtful question is whether the factor 
.005 is correct or not. Perhaps some of the best experiments 
for determining this value were tried in France in 1886 by carzy-
ing flat boards on trains. The resulting formula in this case 
was, for 44.5 miles per hour, p = .00535sv2 ." 
"Prof. Kernot, of Melbourne (Eng. Rec., Feb. 20, 1894) 
states .•••••.. the pressure upon one side of a cube, or a block 
proportioned like an ordinary carriage, was found to be 0.9 of 
* All quoted in Kent's Mechanical ~ngineers' Pocket-book, ?th 
ed. (190?) p. -492-494. 
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that upon a thin plate of the same area. The same result was 
obtained for a square tower. A square pyramid, whose height was 
three times its base, experienced 0.8 of the pressure upon a 
thin ple.te equal to one of its sides. . . . . . A bridge consisting 
of two plate girders connected by a deck at the top was found to 
experience 0.9 of the pressure on a thin plate equal in size to 
one girder, when the distance between the girders was equal to 
their depth; and this was increased by one fifth when the dis-
t ance between the girders was double the depth. A lattice-work 
in which the area of the openin gs was 55% of the whole area ex-
perienced a pressure of 8 0% of that upon a plate of the same 
area. The pressure upon cylinders and cones was found to be 
equal to half that upon the diametral planes, and that upon an 
octagonal prism to be 20% greater than upon the circumscribing 
cylinder. A sphere was subjected to a pressure of 0.36 of that 
upon a thin circular plate of equal diameter. A hemispherical 
cup gave the same result as the sphere; when its concavity was 
turned to the wind the pressure was 1.15 of that on a flat plate 
of equal diameter. When a plane surface parallel to the direc-
tion of the wind was brought nearly into con t act wi t h a cylinder 
or sphere, the pressure on the lat ter bodies was augmented by 
20%, owing to the 1 ateral excape of the air being checked " 
In 1900, Nipher* published the accounts of his exper-
iment on air resistance. The result checks well the theoretical 
---------------------------------------------------------------
* F. E. Nipher. 
t h e Air", Trans. 
(Nov. 11, 1900), 
(1900). p. 48. 
"The Frictional Rffect of Railway Trains upon 
s t. Louis Academy of Science, vol. 10, No. 19, 
and Railway & Engineering Review, vol. 41, 
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formula p = 0.0025V2 • • • . • • • • • • • . • • . . • • ( 13) 
His data also indicate the effect of wind on the constant of 
the above formula, the variation being from 0.0020 to 0.003 for 
various wind conditions. 
A long series of experiment was undertaken in 1898-1900 
by Aspinall* and the result is very closely represented by the 
formula, 
. 2 
p = 0.003V • · • • • . • • • • . . • • • • • • • ( 14) 
Perhaps the rr-ost elaborate experiment on air resistance 
was carried out in 1900-1903 on the experimental track between 
Marienfelde and Zossen, near Berlin. The report** of this ex-
periment contains the following statement: "The tests of last 
year gave an excellent opportunity for measuring the air resis-
tance at high speeds. The results of a great number of measure-
ments, which, as in former years, were obtained by U-shaped 
tubes, check up well with one another. On Plate XI the values 
as observed during three runs from Marienfelde to Zossen and dur-
ing two runs from Zossen to Marienfelde are given. The measure-
ments were made on three different days, and in recording the 
values the direction of the wind and the strength of the wind 
were taken into consideration, as already described in the pre-
ceding report. The curve for the air pressure corresponds to 
the formula p = 0.0052V2 , wherein pis the air pressure for one 
* J.A.F. Aspinall: "Train-Resistance", Proc. I.C.E., vol. 142, 
(1901-1902); and Bulletin International Ry. Congress, 1902. 
** "Report of the -Berlin-Zossen Electric Railway Test", McGraw-
Publishing Company, New York, (1905). 
14 ', 
square meter (10.76 sq. ft.) of plane surface perpendicular to 
the direction in which the car is running, Vis the speed in 
kilo.meters per hour. While it seems that the curve gives at 
lower speeds somewhat higher values than the values found in 
reality, and vice versa at higher speeds, it checks up well as 
a whole with the readings. If still a nearer approximation of 
the value is desired, it would be necessary to decrease the co-
efficient 0.0052 for speed3up to 100. kilometers (62 miles) and 
increase it for speeds above 100 (62) or to change the exponent 
for v. In considering the very slight inaccuracy of the given 
formula. and its great simplicity, it seems to be justifiable to 
retain it in its present form and employ it regularly in rail-
road practice." 
Another series of air resistance tests was made in 1905 
in connection with the Universal Exposition at St. Louis by the 
Electric Railway Test Commission.* The result of the tests for 
the air resistance of a flat vestibule shows that the coeffic-
2 ient of V varies from 0.0035 to 0.0023 within the test speeds 
of from 20 to 60 miles per hour, the higher value being for 
lower speeds. This is directly opposed to the conclusion arrived 
at during the Berlin-Zossen tests, that is, the curve represent-
ing p = 0.0025V2 lies below the points obtained in the St. Louis 
test for lower speeds. and vice versa for higher speeds. 
In the above review little has been said about the ex-
ponent of Vin the air resistance formulas. Lieut. Crosby**, 
in 1890, published the result of his experiments. declaring that 
* Report of the Elec. Ry. Test Commission. McGraw Pub. Co., 1906. 
** Kent's Mech. Eng. Pocket-book, p. 493. 
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the air resistance is a linear function of speed and not a second 
degree function, but all the later experiments as well as the 
earlier tests have proved the reverse. A. M. Wellington* says, 
"Air resistance for example, is known by observations on projec-
tiles to vary more nearly as the cube of the velocity, when the 
latter is very great, but at all ordinary velocities it appears 
to vary very nearly as the square, .•......• although it may 
very easily be as vl.9, or v2 •1 , or even v2 • 2 , •.... " Blood in 
his 11 rational" train resistance formula assumes the air resis-
tance varies with 1.8 power of speed, but the correctness of 
this assumption is doubtful gnd it impairs the simplicity of the 
formula. 
2. Formula for air resistance. - The foregoing review 
covers practically all the well-known experiments and investiga-
tions made on the air resistance to a flat plane. The results 
of different experiments, however, vary greatly, and it is some-
what unsafe to make any positive statement as to the numerical 
factor of the formula. It seems, however, after careful consid-
eration of individual tests, that the head-end air resistance 
of railway trains can be very closely estimated by means of 
Newton's formula, 
p = ...!'.,.__ v2 = 0.0025V2 , 
2g 
which has been cqnfirmed by Nipher, and by the Berlin-Zossen 
---------------------------------------------------------------
* The Economic Theory of Railway Location, (A. M. Wellington) 
page 517. 
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tests, and which differs little from the results of Dines, Aspin-
all, and of the St. Louis tests. 
The "rear suction" and the skin friction of railway cars 
in motion have been investigated by Goss, Aspinall and Nipher 
and in the Berlin-Zossen and the St. Louis tests. Definite 
valuesfor these items, however, are not yet determined. In the 
St. Louis test the rear suction of a car with a flat end at a 
speed of 20 miles per hour was found to be about 10 percent of 
head air resistance. The skin friction is found by both Goss 
and Nipher to be also 10 percent of head-end air resistance. 
Goss gives the following data* which is very valuable for es-
timating, at least, the relative values of skin friction, rear 
suction, and head-end air resistance: 
p = o.001v2 for the first car or locomotive of a train 
p = 0.00026V2 for the last car of a train 
p = o.ooooav2 for the second car of a train, and 
p = 0.0001V2 for any intermediate car between the 
second and the last of a train. 
In actual train service the head-end air resistance of any car 
except the front car or the locomotive is insignificant in 
amount. The above data indicate that rear suction is also a 
very small quantity in all cases except that of a very high speed 
train composed of few cars. If P' represents the head-end air 
resistance of the' first car or locomotive, and n t .he number of 
other cars of the train we deduce from the above data the fol-
lowing relation: 
---------------------------------------------------------------
* W.F.M.Goes, "Locomotive Performance", Wiley & Son, Pub., p.398. 
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Total air resistance of a train= P'(l + n/10). 
Then, replacing P' by P which we found previously to be the 
most probable value of head-end air resistance, we get 
R~ = o.0025AV2(1 + n/10) ...... " ..... . (15 )* 
where R: represents the total air resistance in pounds of the 
entire train. If we charge the head-end air resistance entirely 
to the locomotive at the head of a train, the total air resis-
tance of the cars alone is, in pounds, 
or simply, 
R~ = 0.0025Av2(n/10) 
R' = 0.00025AV2n, 
a 
and if W represents the average weight per car in tons, the to-
tal weight of the train is nP, and the air resistance in pounds 
per ton is 
• • • • • • • • • • • • • • • . . . • ( 16) 
Al though there are no conclusive experimental data on the subj eat, 
it is obvious that the skin friction of a seventy-foot passen-
ger car can not be the same as that of thirty-eight foot car. 
Experience shows and theory indicates that the skin friction is 
proportional to the surface or length of a car. The above for-
mula has been derived from the relations determined for a model 
proportioned to a thirty-eight-foot car, and it applies conse-
quently to a traincomposed of cars of that length, which is 
practically the length of all ordinary freight cars. To make 
the formula more general and applicable to passenger cars, we 
l!!Dll.lst multiply the formula. by the ratio 1/38, where 1 is the 
average length of the car in feet. Further we have assumed 
1 .• 
. ~i 
that Ra is entirely due to skin friction. but skin friction does 
not increase directly with the cross-sectional area of the cars; 
it will vary with the perimeter , which is practically proportion-
al to the square root of the cross section. so. assuming the 
area of ordinary freight cars to be 100 sq. ft •• we replace A by 
100 VA/100 = 10 y'A. and finally get an air resistance formula 
as a function of speed, cross sectional area. length. and aver-
age weight of cars, as follows: 
Ra = o. 0025 VA 1 v2 /38". 
= 
Q.. 000066 vA 1 
w 
v2 
F. Train Resistance Formula. 
• • • • • • • • • • • • • ( IV) • 
1. A Characteristic equation of train resistance. - In 
the foregoing study and analysis of the elementary resistances 
which compose the entire inherent resistance to a train in mo-
tion, it is found that each of them may be closely represented 
by a formula of a certain form thus: 
(A)• 
(B),. 
( c) • 
A' 
Journal resistance= p + c' 
A" 
Rolling resistance= p + c" 
Atmospheric resistance = o. oooos6 y'Al. v2 
w 
(D). Miscellaneous resistance= p + k v. 
B 
The inherent resistance is the sum of these elementary resis-
tances. therefore, 
R = A' ,,,,___,_,,,_ + 
p + c' 
A" 
P + c" 
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+ B V + 0. 000066 \/Al. P,,,.....-,- w + k 
In this equation P represents the intensity of pressure on the 
rubbing or rolling surfaces. In the case of journal friction, 
P depends upon the dimensions of bearings, capacity of cars, ex-
tent of loading etc.; while for rolling and miscellaneous re-
sistance it depends upon the design, dimensions, and quality of 
the wheel and rail and the determination of its precise value 
is very difficult. Pra.ctically speaking, however, the design and 
dimensions of both wheel and rail are very well standardized and 
the weight of the car is a sufficiently accurate measure of the 
intensity of pressure in all cases. The dimensions of bearings 
differ greatly with the capacity of cars, but the specific pres-
sure is practically constant and differs only with the gross 
weight of car. Hence, the average weight per car, W, is the 
most convenient measure of P and may be given the place of Pin 
the above equation. 
The first two terms of the right member of the equation 
are the same in form, and they may be combined and assumed to 
have the same form as before, that is, 
A' 
---+ A" c = 
W + c' W + c" w + c 
This particular process is not mathematically correct, but the 
error due to this assumption is very small and it makes the re-
sulting formula very simple. 
Then, as the final practical characteristic equation of 
inherent train resistance, we have 
•. I 
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B V + O. 000066 Y'.Al:v2 
W+k W 
c 
• • • • • • • • • • • (v) R = 
---+ w + c 
Where V denotes the speed in miles per hour, W the average 
weight per car in tons, A the cross section of cars in square 
feet, 1 the average length of care in feet, and C, B, c, and k 
are certain constants, which vary, however, with the design, 
dimensions, quality, maintenance, etc. of railway rolling stock, 
and track. 
2. Determination of the constants. - There are at least 
two or three different ways of determining the values of the 
constants in the above characteristic equation. The first is 
to determine them by calculation with data obtained by special 
tests on bearing friction, air friction, rolling friction, etc. ; 
but the difficulty of making such tests corresponding exactly 
to actual railway conditions is apparent. The second method is 
to determine the consta.n ts by rreans of the data obtained by 
actual train resistance tests made with a dynamometer car. There 
are, however, five distinct constants in the characteristic 
equation and the calculation is rather laborious. The third 
method is a combination of the firs·t two, namely, as many as 
possible of the constants are determined by the first method, 
and the remaining constants, such as that for miscellaneous re-
sistance, are then determined by the second method. 
The constants in the following freight and passenger train 
resistance formulas, (VI) and (VII) have been determined by the 
third method just mentioned. The factor of the third term - air 
resistance - has been determined previously. There is reason 
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to believe that practically the entire train resistance at low 
speeds - say below five miles per hour - is composed of only 
journal resistance and rolling resistance. With this point in 
view, the constants C and c of the first term have been deter-
mined from data for freight train resistance at zero speed for 
various average car weights. 
250 5 .025 ~,2 
R = W + 20 + W + 40V + W ·v for freight trains •• (VI) 
In the following table (I), the values in column 2 are 
the first terms of the group of formulas for freight train re-
sistance* exhibited on page 101. The expression, 250/(W + 20) 
has been found to represent these values closely. The exact 
values calculated from this expression are shown in column 3. 
A comparison of the values in columns 2 and 3 will readily 
justify the adoption of 250 and 20 for the constants, C and c 
respectively. 
We have determined all the constants of the terms re-
presenting atmospheric, journal and rolling resistances. The 
next step is to determine the constants of the second term 
which represents miscellaneous resistance. The values of at-
mospheric resistance at 40 m.p.h. for va.rious car weights are 
given in column 4, and the values in column 5, are the sums of 
the values in columns 3 and 4. The total inher.ent train resis-
' tance* at 40 m.p.h. for various car weights is shown in column 
6. The difference of the values in columns 5 and 6 are given 
----------------~---------------------------------------------
* E. C. Schmidt: "Freight Train Resistance", Eng. Exp. Sta, tion 
University of Illinois, Bulletin No. 43. 
1. -t);J 
TABLE I. 
1. 2. 3. 4. 5. 6. 7. 8. 9. 
Jour.& Col. Avg. Rolling 
250 
~(40)2 
3 5 Car Re sis- + Res is- 6 - 5 -(40) 7 - 8 Wt. tance VI+ 20 w 4 tance W +40 W, from 40 m. 
tons tests tests 
15 7.15 7.15 2.35 9.50 13.40 3.9 3.63 0.2? 
20 6.30 6.25 2.00 8.25 11.8 3.55 3.33 0.22 
25 5.60 5.55 1.60 7.15 10.6 3.45 3.04 0.41 
30 5.02 5.00 1.34 6.34 9.5 3.16 2.83 0.33 
35 4.49 4.55 1.14 5.69 8.6 2.91 2.67 0.24 
40 4.15 4.16 1.00 5.16 ?.9 2.74 2.50 0.24 
45 3.82 3.84 0.89 4.73 7.3 2.57 2.37 0.20 
50 3.56 3.57 0.80 4.37 6.8 2.51 2.22 0.29 
55 3.38 3.33 0.?3 4.06 6.3 2.24 2.10 0.14 
60 3.19 3.12 0.6? 3.79 6.0 2.21 2.00 0.21 
65 3.06 2.94 o. 62 3.56 5.7 2.14 l.92 . o. 32 
70 2.92 2.78 0.57 3.35 5.6 2.25 1.84 0.41 
75 2.87 2.63 0.53 3.16 5.5 2.34 l.?4 0.60 
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in column?. It is clear that these values must be miscellan-
eous resistance at 40 m.p.h. The equation 5V/(W + 40), values 
of which appear in colu~~ 8, represents these values fairly 
well as will be seen by a comparison of the values in columns 
? and 8. There are slight disagreements between them but they 
are not important in actual applications of the formula. After 
calculations for the values at other speeds, it has been found 
that the constants, 5 and 40 for Band k respectively are very 
satisfactory round numbers. 
Table II shows the results of the formula and the test 
data.* They generally agree within 1 or 2 percent, except 
those for 70, and 75 tons average car weights at 40 m.p.h. 
The data for these two points cannot be given as much weight es 
other points because no actual tests were made on these partic-
ular points. Further proof of the validity of our formula 
will be found when we compare the formula with the original 
points obtained in the tests as shown in Fig. 64. 
--------------------------------------------------------------
* Schmidt's "Freight Train Resistance". The values for O m.p.h. 
are obtained from his formulas page 34, and other values are 
taken from his Table 3 on page 35. 
l~i 
~,f./ #. f-/.tJ7.Y 
AY~. wl ,Pcrar 67/6/"P.:5 
"'72:5/ ~- 5-/d}'76, 
/-JYt:. d. ,Per ct1r q. 77 l,M;J 
• : ... 
• • • 
qa~~~~~/,~~..,,....~~~~.z.~',:J,...,,..~~~~c?.-~~--=....:;.~~~ 
~~;,, /TJ/k.f /'e-.r ,hour 
Avg.Car 
Weight, 
w. 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 . 
65 
70 
75 
O m.p.h. 
by by 
Test FormuJa 
7.15 7.15 
6.30 6.25 
5.60 5.55 
5.02 5.00 
4.49 4.55 
4.15 4.16 
3.82 3.84 
3.56 3.5? 
3.38 3.33 
3.19 3.12 
3.06 2.94 
2.92 2.78 
2.87 2.63 
1 ···.· J ("l 
TABLE II. 
10 m.p.h. 20 m.p.h. 
by by by by 
Test R>rmula Test Formula 
8.2 8.56 9.6 9.56 
7.3 7.28 8.5 8.42 
6.5 6.41 7.6 7.47 
5.8 5.79 6.8 6. 76 
5.2 5.29 6.1 6.22 
4.7 4.84 5.5 5.66 
4.3 4.48 5.0 5.24 
4.0 4.17 4.6 4.88 
3.7 3.89 4.3 4.56 
3.5 3.66 4.0 4.29 
3.3 3.46 3.9 4.05 
3.2 3.28 3.8 3.84 
3.2 3.10 3.7 3.63 
30 m.p.h. 40 m.p.h. 
by by by Qy 
Test Formula Te at Fo:nnula 
11.3 11. 52 13.4 13.13 
10.0 9.89 11.8 11.58 
9.0 8.73 10.6 10.19 
8.0 7.88 9.5 9.17 
7.3 7.29 8.6 8.36 
6.6 6.59 ?.6 7.36 
6.0 6.11 7.3 7.10 
5.5 5.68 6.8 6.51 
5.1 5.31 6.3 6.16 
4.9 5.02 6.0 5.?9 
4.7 4.73 5.7 5.38 
4.5 4.48 5.6 5.19 
4.5 4.23 5.5 4.90 
Passenger cars are always of better construction than 
freight cars, and they are also more carefully maintained than 
the latter. Passenger and freight trains run on common tracks. 
There is no reason why passenger train resistance should mater ... 
ially differ from freight train resistance, except the following 
two. 
Some passenger cars have six-wheel trucks whereas 
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practically all freight cars are equipped with four-wheel trucks, 
and the specific bearing pressure of six-wheel. truckBmay be lower 
than that of four-wheel trucks. If this is the case, passenger 
train resistance must differ from freight train resistance. The 
conclusion* of a reliable passenger train resistance test, how-
ever, reads, "From the resistance figures obtained on the various 
trains no consistently greater increase in resistance was found 
for trains having the greater number of six-wheel truck cars. 
In fact, some 10 car trains made up of six four-wheel truck cars 
and four six-wheel truck cars showed lower resistance figures 
than when composed of eight four-wheel truck cars and two six-
wheel truck cars. From the analysis of these and other tests 
made on the W. J. & s. R.R. it was concluded that the resistance 
of steel passenger cars at a given speed is a function of the 
weight and is practically independent of the arrangement of 
truck wheels ••••.... " 
Another reason why the specific resistance of passenger 
trains should be greater than that of freight trains is that 
passenger cars have generally greater area for skin friction 
than freight cars of equal weight, consequently the air resis-
tance of passenger trains, which is the major part of total in-
herent train resistance at high speeds, will be much greater. 
Keeping in mind the facts just mentioned, the following 
formula, (VII) ~as been developed.by simply changing the factor 
of the third term according to the theory previously laid down. 
--------------------------------------------------------------
* Pennsylvania Railroad Test Department Bulletin No. 26, 
page 25. 
16v 
R = 250 
W + 20 
+ 5 :V + .0425:v2 W + 40 W 
for passenger trains •• (VI~ 
The results of the formula are graphically represented and com-
pared with the results of other formulas and experiments, in 
Fig. 65. The curves labelled "Pa. R.R." are those representing 
the values equivalent to 85 percent of "average maximum" resis-
tance expressed by the Pennsylvania Railroad passenger train re-
sistance formula referred to in the preceding chapter**; those 
labelled "Schmidt and Dunn" are some of the results of the pass-
enger train resistance tests recently made on the Illinois 
Central Railroad , and other curves are those representing the 
results of well known formulas which require no explanation. 
Although the formula has been developed entirely independent of 
any passenger train resistance test data, the results agree 
fairly well with more recent test results, namely the Pennsylvan-
ia Railroad tests and the Schmidt and Dunn tests. In view of 
this fair agreement and great divergence in the test data, the 
formula may be adopted for general use where no reliable data 
from dyna.mometer car tests on a particular road with particular 
equipment is available. 
---------------------------------------------------------------
* Assuming A= 120 sq. ft. and 1 = 65 ft. long. 
i<·* See also Penna. R.R. Test Dept. Bul. No. 26. 
¢ E.c.s·chmidt & H.H.Dunn: "Passenger Train Resistance", Bul. 194 
American Railway Engineering Association, Feb. 191?. 
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VIII. PERFORN.!ANCE OF RAILWAY 
BRAKES. 
1. Railway brakes. 
2. Retarding force of brakes. 
3. Review of brake tests. 
4. Mean coefficient of friction com-
puted from the Pennsylvania 
Railroad's Brake Test. 
1. Railway brakes. - The function of railway brakes is 
to check the speed of trains smoothly when necessary and to 
stop them at the desired place within a given time. Theim-
portance of the role the brakes play in railway train operation 
is apparent and it cannot be too strongly emphasized, eBpecially 
in case of heavy high speed trains. There are several different 
systems of brakes, namely, the hand brakes, steam brakes, vacu-
um brakes, compre.ssed air brakes and electro-magnetic brakes; 
some of them, however, are obsolete today while another is still 
in the experimental stage. The type most effective and most 
extensively used at present is the air brake. But the history 
of the air brake alone presents a long series of gradually im-
proved types, the concise description of which requires volumes. 
' Hence, no description of any system or type of the brakes will 
be attempted in this paper, but a brief review of their per-
formance which has_ direct relation to the motion of railway 
trains will be attempted. 
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2. Retarding force of brakes. - The retarding force of 
brakes can easily be computed from the following formula, 
R = fPe, 
where R represents the retarding force per wheel in pounds, f 
the mean coefficient of friction, P the "braking power" or brak-
ing force per wheel computed from the actual air cylinder pres-
sure in pounds, and e the efficiency of the brake rigging. The 
value of P can be calculated easily when the dimensions of the 
air cylinder, the air pressure and the lever ratio of the brake 
arms are known. The efficiency of the standard (single shoe) 
brake rigging* varies from 66 to 69 percent within the braking 
power range of 30 to 150 percent, and 68 percent is a fair 
average value for practical purposes. The coefficient of fric-
tion, however, varies with several important factors as in the 
case of the sliding friction of lubricated surfaces and of non-
lubricated rolling surfaces, which have been discussed in the 
preceding chapter. 
3. Review of brake tests. - The first and one of the 
most elaborate experimental investigations made on this subject 
was the famous Galton-Westinghouse railway brake test**, in 
which the coefficient of friction of cast-iron brake shoes on 
steel tired wheels is found as shown by the points in Fig. 66. 
From this data R. A. Parke*** derived the following formulas 
for the relation, between the coeffieicnt of friction and speeds: 
*"Brake Tests", Pennsylvania RR. Test Dept. bulletin No. 25 
page 132. 
** D. Gal ton: "Effect of Railway Brakes", In st. of M.E., vol. 
p. 46?, and p. 590, (18?8), a.nd vol. -~ , p. l?O, (1879). 
*** R.A.Parke: "Railroad Car Braking", A.I.E.E., vol. 20, 
p. 235, (1902) 
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0.326 f = ~~~~~~ 
1 + o.03532V for the average values, ••• (1) 
0.382 
and f = ·1__,.+_,..o-.~a~2~9w3w3ffv- for the maximum values, ••.•• (1 1 ) 
where f represents the coefficient of friction and V the speed. 
The curves showing the results of these formulas are shown in 
Fig. 66. In this test Galton found also that the coefficient 
was affected by the duration of the application of brakes as 
well as by the speed. After a careful study of the data Parke 
concluded that the coefficient decreases not only with the time 
but also with speed, that is, it varies with distance, which is 
the product of time and speed, and he derived the following 
formula for this relation: 
f = l + O. 000472L fJ 
1 + 0.00239L ' . . . . . . . . . . . . . . . . (2) 
where f is the coefficient at the beginning or at the instant 
of the brake application, which may be found from formula (1) 
or (1 1 ), and ft the coefficient at the end of distance L. 
The formulas (1) and (lt) are regarded as very reliable 
and applicable to present practise, while (2) is accurate only 
in slightly less degree. In general the form of the presenta-
tion of both the original data and the formulas is of theoret-
ical interest, but it is not convenient. For instance in 
formula (2), the ' value of ft is that which we need in order to 
find L, but f' cannot be found until we know L. A rational 
solution of (2) by means of an auxiliary equation of condition 
has been suggested by Parle but the process is so complicated 
16G 
that it is only of little value to practical engineers. Parke 
himself did not recomend the practical use of formula (2). 
A number of special brake tests were made in the Berlin-
Zossen Tests of 1903, and the average coefficient of friction 
shown by these experiments at various speeds is given as follows: 
Speed, m.p.h. ---- 109.0 105.2 99.2 92.9 80.3 62.0 31.0 15.5 6.2 
Coef. of fric.,% - 6.9 6.6 6.6 6.4 5.8 6.1 8.4 10.0 13. 
It may be noticed that the values are very low, agreeing with 
only the average minimum values of the Galton test. They are 
also very low compared with reliable data obtained in this 
country, which will be cited in the following paragraphs. 
In 1909, an extended brake test was conducted by the 
:Master Car Builders' Association~ Much important information 
on brake performance were disclosed, but no attempt was made to 
determine the coefficient of brake friction on the road. In 
connection with this test, however, tests on various kinds of 
shoes were made at the Purdue University and the American 
Brake Shoe and Foundry Company's laboratories. The results 
revealed great difference in the coefficient of friction of 
brake shoes of different materials and makes. Some of these 
data are shown compared with the results of later tests in Fig.68. 
4. Mean coefficient of friction computed from Pennsyl-
. ** vania Railroad Tests. - The results of the most elaborate brake 
tests extending 'over a period of five years were published in 
1913. These tests were thorough in every respect and the re-
sults are conclusive. In this test the efficiency of the brake 
---------------------------------------------------------------
* Proc. M.C.B.Ass'n., vol. 44, p. 83-273. (1910) 
** "Brake Tests", Penna. R.R. Test Dept. bµl. No. 25, 1913. 
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rigging was found to be about 68 percent, and the time requir-
ed to get full pressure on the brake shoes after their appli-
cation was about 2 seconds; the stopping distances for various 
initial speeds - 30, 60, a.nd 80 m.p.h. - were also accurately 
determined. With these data the mean coefficient of plain 
solid cast iron brake shoes on steel tired wheels is computed 
by means of the following formulas: 
and 
F = 0.0334V
2 
s 
!!! = --F-p e 
(3) 
(4) 
where ]' represents the retarding force per shoe in pounds, V 
the speed in miles per hour, S the displacement in feet after 
the equivalent full application, m the mean coefficient of 
friction (see Fig. 67), P the braking force per shoe computed 
from the air pressure in the cylinders, and e the efficiency 
of brake rigging. In formula (3), it is assumed that the in-
herent train resistance is neutralized by the kinetic inertia 
force of rotation of the car wheels, axles, etc. as recomended 
by both the Master Car Builders' Association and the Pennsyl-
vania Railroad Test Department. The values of m thus computed 
are given in the following table and are also plotted in Fig. 
68. The mean coefficient of standard ( single) solid cast 
iron shoes obtained by laboratory tests is also plotted on the 
same diagram. Among the numerous points obtained by laboratory 
tests made to supplement the Master Car Builders' Association 
test, only two are comparable since only two cast iron shoes 
were tested at the braking force of 11448 pounds per shoe, 
16B 
which corresponds to 90 percent braking force. These two 
points are plotted on the diagram and found to agree very well 
with the results computed from the Pennsylvania test. The mean 
coefficient of friction of plain solid cast iron shoes on steel 
tired wheels represented in Fig. 68, is derived from the most 
reliable tests by ~ approved methods, and is fairly well sup-
ported by laboratory tests; we may, therefore, use it when an 
estimate of stopping distance is to be made. 
Mean Coefficient of Friction 
Plain Cast Iron Shoes on Steel Tired Wheels. 
Initial speed, m.p.h. 30. 40. 50. 60. 70. 80. 
At 90% braking power, .11? .13? .121 .118 .112 .11 
At 125% It II .151 .134 .118 .105 .099 .095 
At 150% 
" " 
.149 .106 .099 .096 
It may be added here that the stopping distance used 
in the computation is not the average value but the maximum 
within which all the test trains stopped. Therefore, the 
stopping distance estimated by the coefficient will be safe for 
trains with electro-pneumatic equipment. To estimate the 
stopping distance of trains with regular pneumatic equipment 
extra distance corresponding to the displacement with the init-
' 
ial speed for one second should be added. The percent braking 
power referred to is that of cars and not of locomotive and 
the 
trains, but it may be considered as that of train when it is 
" 
applied to trains of ordinary make-up, since the tests were 
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made with trains of a make-up common in actual train service. 
Further, the incidental train resistances, such as grade and 
curve resistance should be properly considered, and if the 
weather is not good the friction of wheels on rails must be 
considered. 
1 'i 1 
IX. SPEED-TIME, DISTANCE-TI:ME, AND SPEED-DISTANCE CURVES. 
A. Representation of Speed, Time, and Distance. 
B. Analytical Methods of Computing the Speed, 
Time I and Distance • 
(ll. Carter's method. !2. Isaacs and Adams' method. 3 . Freudenberger's meth od. 
4). "Point to point" method. 
C. Chart Methods for Speed-Time and Distance-Time 
Curves. 
(1). Chart meth ods for speed-time curves 
a). Mailloux's method. 
b). Woodruff's method. 
(2). Chart method for distance-time curves. 
D. Graphical Methods for Speed-Time, Distance-Time, 
Speed-Di.stwce I and Time-Di stance Curves. (1). Speed-time curves with comments on Lipet's 
method. 
(2). Distance-time curves with comments on 
Pertsch's method. 
(3). Speed-distance curves, with comments on 
Lipetz' method. 
( 4). T irne-di stance curves I with cormnents on 
Lipetz' method. 
E. Mechanical Methods for Speed-Time Curves, Etc. 
(1). Integraph, and its use for Distance-time 
curves. 
(2). "Kineograph 11 • 
a). Description and its use for generation 
of speed-time curves. 
b). Its use as integraph and for drawing 
distance-time curves. 
c). Its use for drawing speed-distance 
curves. 
F. Run Curves. 
A. Representation of Speed, Time, and Distance. 
The interrelations among the three important elements 
in the motion of a body, viz: speed, time, and distan ce, can 
1 1 ') ' ,,., 
be expressed at least in three different ways; first, they can 
be expressed by numbers in a tabular form, second, by mathemat-
ical equations, and third, by graphs or curves. Each of these 
has certain advantages and disadvantages when compared with 
others, but the third method is complete in representation, easy 
in production, snd giving a very vivid conception of the fact 
it represents, is the most practical way. The speed-time curves, 
distance-time curves, and speed-distance curves, which are self-
explanatory and require no explanation of their meaning, are 
the curves just mentioned. 
The uses of these curves are numerous. Speed-time and 
distance-time curves are very useful, if not indispensable, in the 
accurate determination of running time of trains, which in turn 
is .a very important element in several railway problems, as 
will be explained in detail later r in predetermination or es-
timation of electric energy consumption and fuel and water con-
sumption, and also in determination of capacity ot electric 
traction motors. These curves are also very useful in connec-
tion with tonnage rating, railway loca,tion and re-location. 
Speed-distance curves lack certain important qualities possessed 
by speed-time and distance-time curves, and can not be employed 
in certain problems in which the latter curves are effective; 
but they have the distance as their argwnent, which is more 
readily conceivable than time, and is a more direct expression 
of the facts. This peculiar quality ma:.ces them preferable in 
certain problems. 
There are several different methods for constructing 
these curves, namely analytical methods, chart methods, graphical 
1 ' · () 
-'iJ 
methods e.nd mechanical methods. As will be seen in the follow-
ing description the first two methods are superseded by the last 
two methods on account of their accuracy, ease in construction, 
~nd hence their practical ap~lication. In the paragraphs to 
follow we will study all these met_hods for the construction of 
these useful curves. 
B. Analytical Methods of Determining the Speed, Time and 
Distance Involved in the Motion of Trains. 
If the acceleration or the net tractive force of a train 
is constant as in the case of a falling body, the speed, time, 
and distance involved in the motion of the train can be easily 
computed by means of the simple kinematic formulas, 
v = at + Vo, . . . . . . . . . . . . . . . ( 1) 
1 
s = -at2 + So, . . . . . . . . . . . . . . (2) 
2 
where V denotes the speed, a the acceleration, t the time, Vo 
the initial speed, S the distance and So the initial distance. 
In the case of railway train motion, however, acceleration is 
seldom a con s tant value* but one which varies with the speed of 
the train, that is, a= f(V), and the computation is not usual-
ly so s imple. Since, however, a= dV/dt, we get, 
---------------------------------------------------------------
* Acceleration with resistance (electric) of all motors is 
assumed to be constant. Also the tractive effort of three-
phase motors can be considered as constant so lon g a s the 
number of poles in action is constant. See Fig. 5. 
1 ' ~ 
. '-t 
dV f(V) = 
dt 
dt = ..§__ f(V) 
t = / 
dV 
±(v) or 
Similarly, since dS = Vdt, we have 
or 
dS 
dV 
= vr(v) 
s = J YE-. 
f(V) 
.................. (3) 
• . . . . . . . . . . . . . • . . . . ( 4) 
Hence, if a= f(V) is some simple function, equations (3) 
and ( 4) may be solved and the speed, time and distance can be 
calculated. The relation between acceleration and speed of 
most railway motive powers, however, is not quite simple and a 
precise representation of the relation by means of a mg,themat-
ical expression is very difficult.* Even if we assume such an 
expression can be produced without trouble, the resulting form-
ulas for distance, time, etc., would be in forms too complicat-
ed for practical use. On the other hand, if we adopt a simple 
expression, in order to avoid the resulting complication, it 
would introduce serious errors in the final results, a fact 
which makes the entire work of little value. Nevertheless, for 
certain kinds of investigation, in which great accuracy is not 
irnportan t ,· the methods may be of some use. 
---------------------------------------------------------------
* F . w. Carter considers such representation for certain elec-
tric motors is not difficult. 
1. Carter's method. - In his article, "Predetermination 
in Railway Work", F. VI. Carter presented an analytical method 
for determination of time and distance of electric railway 
motors whose speed-torque relation is simple and can be express-
ed with simple equations. He presumes that the relation for a 
particular motor can be closely expressed by an equation of the 
form, 
(F + Fo)(V - Vo) = KFoVo, 
where F represents the gross tractive effort, V the speed and 
Fo, Vo, and Kare certain constants for a particular motor. 
Combining this relation with certain principles in mechanics he 
has developed the following formulas: 
and 
[ qt - q \. t = (q' - 1) - (q - 1) - loge~~~- J 
q' - 1 
s = q't -
q' - 1 2 (q - 1) I 
2 
where t denotes the time in units of wVo/K:Fog, a constant quan-
tity for a particular motor and +oad; S the distance in units 
of wvo2/KFog; q the ratio V:Vo; and q' a similar ratio which 
varies with the motor, train resistance, etc. Besides these 
formulas, he gives six more formulas for the determination of 
time and distance on the "acceleration with resistance", coast-
ing, and braking curves. For further details, reference may 
be made to his o'ri g inal article with discussion in Trans. Am. 
Inst. Elec. Eng., vol. 22, (1903) pp. 133 - 174. 
2. Isaacs and Adams' method. - In 1910, Isaacs and 
Adams published an article in which they described an analytical 
method for plotting speed-time curves, etc.* In this method the 
speed-tractive effort relation of steam locomotives is assumed 
to be represented by a straight line as shown in Fig. 6?, and 
train resistance by a broken line as shown in Fig. 68. Based 
upon these rough but simple assumptions, they have derived the 
following formulas for the acceleration, distance, and time of 
steam train movement: 
Symbols: A = a certain constant. 
B = boiler pressure in lbs. per sq. in. 
c = L/D 
D = diameter of drivers in in. 
d = diameter of cylinders in in. 
G = percent of grade 
F = acceleration force in lbs. 
V = train speed in m.p.h. 
S = distance in feet. 
t = time in seconds. 
W = weight of train includin~ locomotive 
and. tender, lbs. 
For acceleration, 
1 
F = (A - KV) 
11,000 
where A= (10,450d2 CB - llOWG - 8.25W) 
K = (392 C~d2B ~ l.65W). 
For distance, 
-----------------~---------------------------------------------
.;. J. D. Isaacs and Adams: "Effect of physical characteristics 
of a railway upon the operation of trains", Proc. Am. P.y. Eng. 
Assoc., vol. 11, part 2, p. 1327. (1910). 
,~---~..,...,...~~-,,-~~~-,--~-=-,--~~~~~~~~~~~~-
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-?34.8W [ A 
s = K Vo - v1 + 2.3"""ic" 
where A = 10,450d2CB - llOWG - 24. ?5W 1 
392C2d2B 
when v = 0 - 10 m.p.h. 
K = 
A = 10,450d2CB - llOWG - 8.25W 1 when V - 10 - 35 m.p.h 
K = 392C2.d2B + l.65W 
For time, 
_ -19.2W { f ~ -Voll 
t - loglO A \ 
K - - V K 1 
where K and A are the sarr.e as in the distance (S) formula. 
3. Freudenberger 1 s method. - L.A. Freudenberger pub-
lished an article* in which is described his method of comput-
ing the time required by a train or car to attain a given speed. 
This method is sub stan ti ally the same as Cart er' s, except that 
he deterrrines the function in the form, 
a 
1 
= .J._= ? (V), 
f (V) · 
from a. diagram showing the relation between the speed and the 
reciprocal of acceleration, which he prepares from a diagram 
representing the relation of speed and acceleration. Another 
point in which his method differs slightly from Carter's is the 
use of a train resistance equation as a function of speed while 
Carter considers train resistance independent of speed. 
* "Plotting of speed-time curves from the acceleration-speed 
curve". Electrical World and Engineer, vol. 42., pp. 96 
and 219. ( 1903) . 
l H' 
' ·t., 
4. "Point to point" method. - Another method which is 
worthy of mentioning is the "point to point" method. In this 
method the tractive effort-speed relation is not expressed in 
any mathematical equation, but the curve is divided into small 
segments and the average value of each segment is taken independ-
ently as the accelerating force between the two speeds which 
correspond to the two ends of the segment. For example, let 
curve AB in Fig. 71 represent the speed-tractive effort (net) 
relation of a given locomotive. The times required to reach the 
speeds for instance, 10, 20, 30 m.p.h., etc., are to be found in 
order to plot the speed-time curve. Then dividing AB into seg-
ments we can find the average accelerating forces for various 
speed increments; and dividing these values by a certain constant 
which will be explained in detail later, say k, we get correspond-
ing accelerating forces. Then, with these quantities and the 
relation, 
or t T ~(V - v) + t 1 , 
F ' 
we can calculate t for any speed, since V, the speed increment 
a is chosen at will and t 1 the initial time isAknown value if we 
proceed from zero s peed. The speed increment should be so 
small that the averaged acceleration forces will not introduce 
into the final results any objectional error. If the~e is any 
incidental resist? nce the net tractive effort should be properly 
adjusted in the ca.lculations. The time in coasting and braking 
motion can be computed substituting the train resistance - in-
herent and incidenta l - and braking force respectivcely, for the 
tractive effort. 
c. "Chart 1~ethods" for Plotting of Speed-Time and 
Speej.-Distance Curves. 
l. Chart methods for speed-time curves. - In 1902, C.O. 
Mailloux presented to the American Institute of Electrical En-
gineers a very valuable paper entitled "Notes on the Plotting 
of Speed-Time Curves", which i s still regarded as one of the 
best papers, if not the best, on this subject. His method is 
based upon the fundamental relation, 
v 
t=- or 
f(V) 
in which t represents the time required to attain the speed V 
from initial speed Vi, and ti the time at Vi• In this method 
the function a= f(V) is not to be expressed in an equation as 
in the c a ses of Carter's, etc., but the value a= f((V-Vi)/2) 
is to be found from the "acceleration-speed chart" which differs 
from the speed-tractive effort curve only in the scale of or-
dinates. In order to minimize calculations he uses a "recip-
rocal chart" which consists of equilateral hyperbolas corres-
ponding to different values of ~v. and from wh ich the product, 
l (V - Vi), 
f((V - Vi)/2) 
which is the time increment or (t - t 1 ) can be readily found as 
soon as the value f((V - V0 )/2) for the proper velocity incre-
ment is found from the "speed-acceleration cha rt". This is 
simply a modification of the ordinary "point to point" method 
mentioned before, hence the accuracy depenas upon the ma.gni tudes 
of speed increments chosen in the actual process. If we take 
1b1 
A V as small as dV the result of the method is absolutely cor-
rect - of course within the errors of scales. In practise, 
however, the velocity increment can not be taken infinitely 
small. Mailloux proved that even if we take the increment as 
large as l to 5 m.p.h. the resulting answer is as accurate as 
that of the analytical methods.* 
The chart method just described is satisfactory in every 
respect, except that it requires a number of separate charts 
the production and use of which are laborious and cumbersome. 
With this fact in view, E. C. Woodruff** has devised another 
chart method in which one of the charts necessary in the former 
method is eliminated. In this method the speed-current-tractive 
I effort diagram is used without any alteration. The "service 
I'. 
curves", which he produces on the sheet on which the speed-cur-
rent-tractive effort diagrams are plotted - thus eliminating one 
sheet of paper - are of practically the same nature as Mailloux's 
reciprocal chart. The only difference in them is that the ar-
gument of the former is force while that of the latter is ac-
celeration. Practically speaking, the only departure Woodruff 
ma de fran l\Iailloux' s method, as he claims, is that he plotted 
the service curves and speed-current-tractive effort curves on 
one sheet of paper while the latter put them on two separate 
sheets. This scheme has a certain advantage but also great 
di sad vantages. ,The first objection is that the c.h.art would be 
---------------------------------------------------------------
*Trans.Am. Inst. Elec. Eng., vol. 19, O. 988; vol. 22, p. 174. 
** Trans Am. Inst. Elec. Eng., vol. 33, p. 1673; and Elec. Ry. 
Journal, vol. 44, p. 1155, (1914). 
1,.r, t"'i~ 
too crowded and the second is that the service curves can apply 
only to one particular characteristic of motors, while the re-
ciprocal chart once made can be used for any characteristic 
curves of any motors or steam locomotives. 
2. Chart methods for plotting distance-time curves. -
Methods for plotting distance-time curves from speed-time curves 
by means of a chart have been described by several writers.* 
They are, however, essentially the same and employ the sort of 
chart shovm in Fig.69, which is nothing but a series of straight 
lines representing the equation, 
S = V( 52801t 
3600 ' 
where Sis the distance in feet, V the speed in miles per hour, 
and t the time in seconds. The method of using this chart would 
be clear without explanation. 
D. Graphical Methods for Constructing Speed-Time, 
Distance-Time and Speed Di stance Curves. *it· 
1. Speed-time curves. - In the previous sections, we 
* Dawson: Electric Traction on Railways. B. J. Arnold: A paper 
read before A.I.E.E., June 19, 1902. 
E. c. Woodruff: "A graphic method for speed-time and distance-
time curves". Proc. A.I.E.E. Nov . 1914. 
** All the methods, except those otherwise stated, to be discussed 
in this section,' are those independently developed at the Univer-
sity of Illinois. They are not found, so far as the writer is 
aware, in any English , French, or German publication. It was, 
however, found later that one of the pamphlets sent to Prof. E.C . 
Schmidt by 11r . Lipetz, a prominent Russian railway Engineer, 
YTTPOUJEHHblE. JtPLEMbl PA3G~ETA BPEMHb XOA'A 7f0h3.J:f08 b; 
contains discussions of similar methods. 
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reviewed briefly the methods for plotting speed-time curves with 
the values calculated analytically or found from charts. A de-
scription will be given in this section of a graphical method 
for constructing speed-time curves. In this method several in-
termediate steps followed in other methods, are eliminated. Con-
sequently it has great advantages in its actual application; but 
the explanation of the method is very difficult and hardly un-
derstood unless all the steps, even those unnecessary in actual 
application, are carefully considered in its explanation. It 
should be borne in mind that the description is long and tedious , 
but it does not follow that the actual application is so. 
It has been shown that the effective force of train mo-
tion at any instant is the algebraic sum of the motive forces, 
train resistances, and braking forces, the sign of each force 
being positive when it acts in the direction of the motion and 
negative when opposite, and that when the sum is positive the 
train accelerates, when negative retards, and when zero the mo-
tion is uniform. This algebraic summation is effected geomet-
rically or graphically as follows: Suppose in Fig. 70 the or-
dinates of the curve AB represent the drawbar pull behind the 
tender of a locomotive, in pounds per ton, that is, the amount 
obtained by dividing the drawbar pull into the total weight of 
cars in the train, and curve CD the inherent train resistance 
in lbs. per ton,' which is determined by a dyna.mometer car test 
or adequate train resistance formula. Then, the vertical dis-
tance between the curves AB and CD represents the net tractive 
effort on a level tangent track at various speeds of the train. 
lnJ 
C' 
-/J 
1 " t', 0 
The available tractive force on an inclined or curved track or 
on both may be found in a similar way. For instance a train is 
on a one percent ascending grade. Then, since grade resistance 
is 20 lbs. per ton and independent of speed, if we draw a line 
parallel to and above the speed-axis with a proper scale, as 
shown by the line GH in Fig. 70, the difference in ordinate be-
tween EF and GH will represent the force at various speeds on 
the grade. If a train is running on a level track of two degrees 
curvature, the additional resistance is 1.0 pound per ton, and 
a line like MN may be drawn as in the case of grade resistance 
and the available tractive effort on that track at various speeds 
may be found. If a train is coasting or drifting on a level 
tangent track, the effective retarding force is only the train 
resistance, which can be represented below the axis like C'D'. 
If a train is moving with the brakes applied the retarding force 
is the sum of the braking force and train resistance and can be 
represented in a similar manner. Thus, the effective force un-
der any conditions of running and of track can be very easily re-
presented. 
It was also shown that in order to accelerate a train at 
the rate of A miles per hour per second it is necessary to apply 
the effective tractive force, 
Then, 
Fr (91.1 + 145.5 !)A1 lbs. per ton. 
w 
A = F (91.1 + 145.5N/W) 
But, if Vis the speed in miles per hour, and t the time in 
seconds, A = A V/..1 t, then 
1 (1 i 
~= F 
A t (91.1. + 145.5N/Yf) 
Since the value of (91.l + 145.5N;\1{) is constant for a particu-
lar train, let us call this k, then the above equation becomes 
= F 
-A t k 
This is the fundamental relation on which the metnod is based. 
Suppose a speed-time curve has been constructed, then the slope 
of a secant drawn through two points on the curve at any speed 
V and V + A V is equal to ~ V/At,' which is the right member of the 
above equation. Suppose again that a right triangle whose base 
is equal to kin a certain scale and its height equal to Fin 
the same scale, has been constructed, the value of F being the 
mean value of the effective tractive forces between V and V + A V 
on the speed-tractive effort curve like one shown in Fig. 71. 
Then, the above equation of condition indicates that the slope 
of the secant of the speed-time curve is equal to the slope of 
the hypotenuse of the right triangle. Since V represents any 
speed it is general, hence any secant on the speed-time curve is 
always parallel to the hypotenuse of the right triangle whose 
base is k and the height is the mean value of the tractive ef-
forts corresponding to the speeds at which the secant intersects 
the speed-time curve. The construction of such triangles is 
very easily effected when the speed-pull curve of a locomotive 
is given, and the hypotenuse of the triangles determines the 
slope of the sec~mt between any two speeds. Thus, any speed-
time curve can be easily constructed. 
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As an elementary example of the method, let us suppose 
first, the effective tractive effort of a locomotive or an elec-
tric traction motor is represented by the broken line A•B• in-
stead of AB in Fig. 71. Then, the effective tractive force be-
tween O and 10 m.p.h. is equal to ap, and F/k ; tangent of the 
angle aop. Draw o'a' parallel to oa from o' up to the 10 mile-
line as shown in Fig. 71. Between 10 and 20 m.p.h. the effect-
ive force is equal to pb, and F/k = tangent of the angle bop. 
Draw a•b• parallel to ob from a' until it meets the 20 mile-line 
at b'. In a similar way draw b'c', c'd', d 1 e', etc. parallel 
to bc,cd,de, etc. respectively. In each case the value of A t 
is automatically found and surmned up on the abscissa or the time 
axis of the speed-time curve. Then, the broken line o'a'b'c'd'e' 
.•.•. is the speed-time curve which corresponds to the tractive 
effort represented by A'B'. If we take 1 or 2 miles per hour 
for a V instead of 10 miles per hour as we did, the speed-time 
polygon would be very close to the actual smooth speed-time 
curve. At any rate the points o', a', b 1 , c' , ••.•• are on the 
real speed-time curve, and a smooth curve wFLieh drawn through 
these points must be very close to the real curve, and for pra~ 
tical purposes, it may be taken as the re9,l curve without any 
objectionable error. Theoretically speaking, if we take ~v 
as small as dV, we get the exact curve. 
Next, su:ppose a train is to start and run on a l/2~t 
ascending grade. Then the tractive effort will be reduced by 
10 lbs. per ton. The corresponding speed-time curve can be con-
structed in exactly the same way after locating the point o" 
190 
10 lbs. per ton above the point o and using o" instead of o. If 
the train is on a descending grade the grade resists.nee acts in 
the opposite way 9,nd becomes a motive force, and the tractive 
force will be increased proportiona lly. The speed-time curve 
can be constructed in a similar way simply by lo eating l" below 
o with a proper scale. The resistance due to curvature of track 
can be treated the same as grade resistance, assuming 20 degree 
curvature offers same resistance as 1 percent ascending grade. 
Inca.sea train is coasting on a level track or on an ascending 
grade the force acting on the train is opposite to the motion, 
or it is in t h e negative direction. In this case the force, F 
should be laid out below p, and 0 11 should be located on o if it 
is on the level, above o if it is on an ascending grade, and be-
low if it is on a descending grade. A train running with brakes 
applied may be similarly treated. 
So far nothin g has been said about the scales by which 
k, F, V and t. are to be la.id down or measured. This is certain-
ly a very important element in any graphical method. In prac-
tise the scales of F and V are fixed a.nd the problem is to de-
termine to what sc a le k should be laid out in order to repre-
sent t to a desired scale. 
Let (AV) be t h e value of AV per inch of the scale (of speed-
time curve). 
(.o.t) be the value of At per inch of the scale (of speed-
time curve) . 
(F) be the value of F per inch of the scale 
(k) be the value of k per inch of the scale 
Then from the relation, ( 5) we get 
or 
But A V/ A t 
or 
AV F 
-(AV) 
= 
.(_!)__ 
A t k 
(At) (k) 
AV . (At) 
= 
F (k) 
-·--· A t (AV) k (F) 
= F/k, hence 
~ = ill (AV) ( ]') 
(k) = ( F) (.ot). 
(AV) 
For example, if (F) = 20 lbs. per ton/inch, (AV) = 20 miles per 
hour/inch and (At) is desired to be 120 seconds/ inch, then 
( k) 10 120 120 lbs. inc~, = -x = per 10 
and if k is 95 lbs., k/(k) = 0.791 inch. 
~ r. Lipetz' method differs from the method just descri"&-
ed at least in the following two points: (1) He lays out unit 
length on each speed line and the perpendicular lines are erect-
ed on the lines on which the values of F taken from the speed-
tractive effort curve are laid out, as shovm in Fig. 72. The 
principle is exactly the sa.rne; but this is a rather cumbersome 
method. (2). He considers that the polygons thus constructed 
constitute the envelope of the speed-time curve, and the curve 
should be drawn tangent to this polygon. Practically speaking, 
this is not a very important difference . Theoretically, however, 
---------- ~ 
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it is not the envelope but secants to the curve. 
2. Distance-time curves. - It is a well known fact that, 
whether acceleration is a constant or a variable, the speed-
time curve is the first derivative curve of distance-time curve, 
and vice versa. The distance-time curve, then, may be obtained 
directly from the speed-time curve by a certain graphic integra-
tion.* Let us first suppose that the broken line curve, A'B' in 
Fig. 73 is the speed-time curve instead of the actual speed-time 
curve AB, from which the distance-time curve is to be produced, 
and that the area of each section under the broken line is equal 
to that of the section under the actual curve. 
If A S is measured in miles, V in miles per hour, and 
tin seconds, we have the following relation from the defin-
ition of velocity: 
v v 
= -, or= 
3600 
This relation indicates that the slope of the secant which pass-
es through two points on the distance-time curve at t and 
t + A t, is parallel to the hypotenuse of the right triangle whose 
base is 3600 to a certain scale and the height is V to the same 
scale, V being the mean velocity between t and t + A t, Then, 
it is clear that we can construct the distance-time curve from 
the speed-time in a similar way to that by which we constructed 
----------------------------------------------------------- ---
* The following method has been developed without any knowledge 
in graphic integration, although it was found later that the 
method is the general graphical integration a pplied to t h is 
particular problem, as Hutte applied it to finding area of steam 
indicator cards. See Hutte, vol. 1. page 1012. 
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speed-time curves from speed-tractive effort curves, i.e., simp-
ly taking V instead of F and k' instead of k. 
As an illustration of the method, in Fig. 73, the line 
NN' is drawn perpendicular to the time axis at a dista.n!Je k' 
fro!ll the origin. The point a is located on NH' so that Na is 
equal to the mean velocity between O ~nd 60 seconds. Connect 
o and a; then oa is the hypotenuse of the ri.~ht triangle whose 
height is Na~ V, and the base k', which is parallel to these-
cant cutting through the distance-time curve at t = 0 and t = 60 
seconds. Then the point design~ted by a' in the figure must be 
on the dist3nce-time curve. The point bis located on NN' so 
that Nb represents the mean velocity between t = 60 and 120 
seconds. The line a'b' is drawn from a' parallel to ob. Sim-
ilarly b'c', c'd', etc. are drawn. The polygon o a' b' c' d' ••. 
represents the distance-time curve corresponding to the broken 
line curve A'B'. Since, however, the points o, a', b' ••.•• are 
those on the distance-tLne curve corresponding to .AE, the smooth 
curve drawn through these points may be taken as the distance-
tirne curve corresponding to AB, at least for practic~l purposes. 
Taking ~ t = dt, ho7ever, we get the curve theoretically correct. 
for;nula: 
A proper scale of k' can be found from the following 
(K 1 ) = ( A t) (V)_l_-
( ~ S) 
For instance, if ( A t) = 120 seconds/inch, (V) = 20 miles per 
hour, and ( A S) = 4 miles/inch, 
(k') = 120 x 20 
4 
= 600. 
and since k 1 = 3600 always, 
k 3600 
=--- = 6.0 inches. 
k' 600 
A similar method has been described by Mr. J.G.Pertsch 
in the Sibley Journal of Engineering in 1910. * According to 
Richey his method is exactly the scune except that he considers 
the distance-time curve is tangent to "the polygon. As pointed 
out previously a similar notion of Lipet's on the speed-time 
curve, if we chose V and t small enough there is no appre-
ciable error to adopt either idea, but theoretically the polygon 
is not ~n envelope but is a group of secants or chords which in-
tersect on the curve. 
3. Speed-distance c~rves. - If speed-time and distance-
time curves hswe been made, the speed-distance curve can be 
plotted with values f~und on these curves. This, however, is 
a very laborious method when only the speed-distance curve is 
required. In such a case the following method for construction 
of the speed-distance curve would be of great value. 
Since, in any case 
A = ?1 v 
A t 
and 
we have, on elimination of A t, 
Ll. V 
-= 
.t1 S 
But, A= F/k, then 
_!_3500 
v 
v = 
.A S 
~ t 
3600, 
---------------------------------------------------------------
* See, A. s. Richey's Electric R1ilway Handbook, p. 180, 1915 Ed. 
A V F 
= k A S v 
'!5mr 
A V F where k" = k/3600. = 
ft S (Vk 11 ) 
This equation indicates that the slope of the speed-distance 
curve is parallel to the hy potenuse of the right triangle whose 
height is F and the base (Vk"). Then it is clear that if we take 
(Vk") instead of k we can construct the speed-distance curve ex-
actly the same way as the speed-time curves. In this case, how-
ever, the base of the triangles is not constant but varies with 
v. 
The v~lues of (Vk"), however, can be easily handled by 
means of' a uniform seal e for (Vk") at various speeds 1 a.id out 
on the b ~se of the triangles as shown in Fig. 74. There are at 
least two other schemes for handling this value, but the method 
just mentioned will be found the most practical one. 
Another metn od is to consider F/(Vk") as {F/V)/k", i.e. 
keeping the denominator k" constant in the case of constructing 
the speed-time curve, vary the numerator instead. Then if we 
make a curve representing the relation between F/V and V, which 
can be made without much trouble from speed-tractive effort 
curves, we c ~n find the value of F/V for the heights of the var-
ious triangles and t he speed-distance curve can be constructed 
exactly the same way as the speed-time curves. Fig. 75 shows 
the diagram to be used in this method. 
The principles employed by Lipetzin developing his method 
are exactly the s3.IIle. In finding the values of F/V, which are 
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proportional to F/(V-K"), he connects the mean values of F with 
the origin of the speed tractive effort curve as shown in Fig. 
76. It will be easily seen that the slopes of these lines are 
proportional to F/(Vk") or equal to F /v, so, the slope of speed-
distance curve at any point is proportional to these slopes. 
Tnis is an excellent method if any scale of distance, for instance 
1.724 miles per inch, is acceptable. If, however, some integer 
or round number like 1 mile or 2 miles equal one inch, is re-
quired, this method may be found very laborious because in or-
der to get it in such a convenient scale the speed-tractive 
effort curve must be replotted to such a certain scale as will 
give the desired scale to the final speed-distance curve. 
The proper scale for (Vk") in the first method, will be 
found by the following formula: 
(Vk") = (F)( A S) 0 
( ~ v) 
For instance, if (F) = 20 lbs. per ton/inch, ( .a.v) = 20 m.p.h. 
/ inch, and ( A S) is de sired to be l mile/inch in scales, the 
scale of the bases of the trie.ngles, 
(Vk") = 20 x l 
20 
= 1.0 
and actual length= (95./3600)/1.0 = .0264V inch, if k = 95 lbs. 
and it is .264 inch when the mean velocity is 10 m.p.h. and 1.32 
\ 
inch when the velocity is 50 m.p.h. 
It may be noted here that if we replot the s~eed-trac-
tive effort curve with the scale for the abscissa found from the 
above formula, speed-distance curve of the desired scale can be 
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constructed according to Lipetz 1 method. 
The convenient scale for the second method for con-
structin.~ speed-distance curves can be found from the following 
formula: 
(k) = (F/V)( > S) 
( A V) 
4. Time-distance curves. - When a speed-distance curve 
has been constructed, the corresponding 
be constructed directly from the former 
time-distance curve can 
the 
by following method: 
" From the definition of velocity, we have 
Vm s 3600, = 
t 
or ..D, t = kt 
-
~ s Vm 
where tis the time in seconds, S the distance in miles,~, the 
constant (3600), and Vm th6 mean velocity during the time incre-
mentor the distance increment. This equation indicates that 
the slope of the secant which passes through the two points on 
a time-distance curve at S and S + .A S is always p arallel to the 
hypotenuse of a right triangle whose height is~· and the~ 
Vm. The construction of such a triangle is not convenient, al-
though triangles whose height is V~ and base k', can be con-
structed very easily from a speed-distance curve. The slope of 
the secant of the time-distance curve can be easily found since 
the hypotenuse of the former triangle is always perpendicular to 
that of the l a tter, - see Fig. 77a. Then, if we take a con-
venient length to represent~·, for instance, .5 inch, the time-
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distance curve can be easily constructed as shown in Fig. 77, in 
·which the lines, oa", a"b", b"c", etc., have been drawn perpen-
dicular to ab', be', cd', etc. respectively. If v,e take the 
distance increment infinitesimal the curve o a" b"c"d" ••• is 
the time-distance curve required. Mr. Lipetz' method is exact-
ly the same as the above except that in order to produce the 
time-dista11ce curve below the distance axis he used inclined 
lines dravm on the opposite side, for instance cb' instead of 
cd' in Fig. 7 7 . 
The method just described is entirely satisfactory if 
no particular scale is required, but when a convenient scale 
for time is necessary, the base of the triangles, aa'b', bb 1 c', 
•••.... should be a certain definite length, which may be found 
in the following formul~: 
. (}£' ) (Vm) ( A t) = 
( b S) 
where ( }£' ) is the value of k' in one inch of the scale 
(Vm) is vhe value of VI! in one inch of the scale 
(AS) is the value of Sin one inch of the scale 
and (~ t) is the value of tin one inch of the scale 
For example, if (Vm) = 20 m.p.h./inch, ( ~ s) = 1 mile/inch, 
and the scale of time is desired to be 4 minutes or 240 seconds 
/inch, we get 
(!,' ) = 20 
-x 
1 
240 = 4800 per inch, 
but k' = 3600, hence the length of~, = 3600/4800 = 0.75 inch. 
To lay out the bqse, 0.75 inch for instance, for each 
2v5 
triangle is laborious and also involves error. It is much 
simpler to lay it out once as shown in Fig. 78, and locating 
a, b, c, •••.•. for the values of Vm on a common line, draw 
the perpendiculars to the hypotenuses)>f the triangles thus con-
structed. 
E. Mechanical Methods for Speed-time, Distance-time, 
and Speed-distance Curves. 
1. Integraph. - As mentioned before, a distance-time 
curve is the first integral ~urve of the speed-time curve. 
Hence the former can be drawn by means of an integraph, a special 
form of planimeter which records or represents the area under 
the curve as the pointer traces the curve. The use of the in-
tegraph for this purpose has undergone practical test,* and has 
been found entirely satisfactory when a number of such curves 
are to be produced. 
The integraph can also be employed in producing speed-
time curves. It has been shown that 
dV 
t = fTV1"' 
then it is apparent that by means of an integraph any speed-
time curve can be produced if a curve representing the relation 
between the speed and the reciprocal of the accelerating force 
is available. Such curves can be produced from a diagr9Jl1 of 
speed-tractive force relation, but it would be very liborious; 
---------------------------------------------------------------
* C. o. Mailloux: "Notes on plotting of sneed-time curves", 
Trans. A.I.E.E., vol. 19, p. 901. (1902) 
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moreover the in tegraph has a certain mechanical d.efec t so that 
the entire speed-time curve can not be drawn with an integraph 
of ordinary design. 
Professor A. M. Euck devised a certain method by which 
the speed-time curve can be drawn by means of an ordinary inte-
graph with certain special attachments, directly from the speed-
tractive force curves. The integr~ph has, however, the same 
mechanical limitation, th~t is, the recording pencil cannot 
travel in the vertical direction further than 45 degrees from 
the base line, and the complete speed-time curve thus produced 
would have too great a length, which is not co~venient for prac-
tical use. 
2. "Kineogra2h", an Instrument for Generating Speed-
time, Speed-Distance, and Distance-Time eurves. - The graphical 
r;iethods described in the foregoing paragraphs are simple and 
accurate, and have been proved highly practical, especially when 
the curves to be drawn are not numerous and in great variety. 
In the C8,se of a mass of work which requires a variety of curves 
for ever-varying profile and track curvature, an instrument 
specially designed for this purpose, and which generates the 
graphs accurately and easily with minimum time and labour, will 
be found a very profitable machine. The following is a brief 
description of such an instrument. 
a. Description of kineograph and its use for generation 
of speed-time curves. - The general layout of the instrument 
is shovrn in Fig. 79. 'l'he instrument consists of three princi-
pal arrangements. The first is the arrangement by which a long 
sheet of paper travels on the surface of the drawing bo~rd Dl 
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from right to left as the paper on the recording table of a 
dynamometer car. This movement of the paper is effected by the 
rollers, Rl and R2 , located at the left side of the frame, F. 
One end of the paper, rolled up on the spool loc::ited at the 
right side of the frame, is caught between the rollers and when 
Rl is turned by the hand wheel, Hl, the paper travels from right 
to left. 
The second arrangement is a mechanism by which the re-
cording pen or pencil, P travels on the paper in the direction 
perpendicular to that of the paper. The pencil arm, Al is rigid-
ly fixed to a beam, Bl. This beam, which is supported and guid-
ed by two guides, Gland G2, ha.s a rack on top which is engaged 
with the pinion wire, Pw. This pinion wire is an integral part 
of the shaft, Sl, which turns on small journals Jl and J2 when 
the small friction wheel, Fw, which is keyed to the shaft, is 
turned by a certain means. This shaft can be shifted along its 
axis by means of the arm, A3. The friction wheel is in con-
tact with the upper surface of the large friction disc, Fd, 
which rotates on a horizontal -plane when the vertical shaft, 
82, which has a gear connection with handle Hl, is turned. (The 
handle turns the friction disc and the paper rollers at the 
srune time). Suppose that the friction wheel is shifted one inch 
toward the rigl!l.t from the center of the friction disc, and the 
hand wheel is being turned counter- clockwise. Then it is clear 
that the paper is traveling to the left and the beam Bl moves 
with the pencil away from us. The curve thus drawn by the pen-
cil on the paper is an i~clined straight line, since the ratio 
of the speed of the pencil to that of the paper is constant no 
matter how fast the paper travels so long as the position of the 
friction wheel on the friction disc is the same. By shifting 
the position of the friction wheel, however, we can get straight 
lines with any inclination, or a curve, by continuously shift-
ing the friction wheel. 
The third arrangement which constitutes a part of the 
instrument is a means by which the friction wheel is shifted 
according to any definite rule. A small board D2, on which we 
place a speed-tractive effort curve with thumb tacks or some 
other convenient means, is mounted on the rails, rl and r2, and 
the board can be shifted on the rails by means of a certain 
mechanism when the small hand wheel, H2 is turned. The mech-
anism consists simply of two pinions and two racks located un-
der the board. For · the time being let us suppose the bevel 
gears, G1 and G2 are disengaged. (The use of these gears will 
be explained later.) This board and the shaft Sl is connected 
by A3, so that the board and the friction wheel move the sa..me 
distm1ce in the same direction when the h~ndle H2 is turned. 
To generate a definite curve the friction wheel should not be 
shifted a.t random but according to the speed-tractive effort 
curve. For this purpose the tracer arm, A2, which has a tracing 
point, Tl at its end, is fixed to the beam Bl at a place right 
opposite to the pencil arm, so that when the tracing point in-
\ 
dicates a certain speed on the speed-tractive effort curve the 
recording pencil is always at that speed on the speed-time curve 
to be generated, _even though t.he pencil may not be in t.he cor-
rt~ct position along the time-axis. The .pencil is kept always at a 
correct position along the time-axis, as well as along the speed-
213 
axis by properly moving the board D2 as follows: Shift D2 with 
H2 so that the friction wheel is at the center of the friction 
disc, Place the speed-tractive effort curve on D2 such way 
that the tracer point is always on the speed-axis of the curve 
when Bl is moved along its axis. J3ring the tracing point to 
zero speed. Shift the board with H2 until Tl comes to the 
point indicating the starting tractive effort, like T. Now the 
friction wheel is at a distance equal to the tractive effort re-
presented by TO. Turn Hl with the left hand and H2 with the 
right hand in such a way that the tracing point is always on 
the~ractive effort curve like TE. Then the paper travels toward 
the left, the pencil moves along the speed-axis, and the curve 
drawn by the pencil on the tr~velling paper is the speed-time 
curve corresponding to the speed-tractive effort curve used. 
The proof that the curve thus drawn is a speed-time 
curve is as follows: For simplicity's sake let us suppose the 
tractive effort curve ie represented by the broken line A'B' 
instead of AB as shown in Fig. 80, then we get a polygon a', b', 
c', •••.. instead of the smooth curve, a't'c' Further, 
in this instrument the speed of the paper, V', and the speed of 
the pencil, V", haNe the following relation; 
V" = cdV' , 
where c is a certain constant which depends upon the gea,r ratios 
used in the design of the instrument, and dis the distance of 
the friction wheel from the center of the friction disc which 
is always equal to the tractive effort at various speeds, F. 
Then, 
cd = cF = V" 
V' 
But, 
b'b•• V" 
= 
a'b" V' 
then = cF 
but, b' b 11 = v, therefore, 
cF = 
a'b" 
and the comparison of this equation vri th a = ~ V/ ~ t, shows 
that if the acceleration, a is equal to cF, a 1 b 11 must be equal 
to t 1 The value of cF may not be equal to a but is always pro-
portional to a. Therefore, a'b' in Fig. 80 is the speed-time 
curve to a certain scale, corresponding to the tractive effort, 
F, in Fig. 80. Similarly, b 1 c 1 , c'd', etc., are those~ in the 
same scale, corresponding to the t~active efforts, F2 , F 3 , etc. 
respectively. It is clear that if' we take the increment of 
speed infinitesmal, A'B' becomes AB, and the curve produced with 
AB is a smooth curve and the required speed-time curve. 
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Further proof of the theory and the mechanical possibil-
ity of the instrument is as follows: In order to check the 
mathematics previously developed and demons~rate the mechanical 
possibility of such instrument, a war.King model as illustrated 
hg.81 
in Fig. 81, was constructed. The model being mg,de in a hurry 
and with tools not suitable for the production of a mathemat-
ical instrument, is necessarily very crude. The result obtain-
ed was, however, rather surprising. The mechanical possibility 
has been fully demonstrated, and the curve generated with this 
instrument when checked with the result of the graphical method 
was found to agree perfectly at all points except one where the 
' paper slipped or wrinkled in the operation. The model was 
crude, a.s mentioned before, "l.nd it lac.Ked several attachments 
which ought to be in actual instruments. 
KineograEh in ~eneration of speed-distance curves. - In 
the discussion on the graphical method for speed-distance curves, 
we have seen that when we use a curve representing the tractive 
effort divided by corresponding speeds instead of the speed-trac-
tive effort curve, we can get speed-distance curves exactly the 
same way as for the construction of speed-time curves. This is 
entirely true in the case of mechanical generation with Kineo-
graph. 
Kineograph in drawing distance-time curves. - This in-
strument with a few simple attachments becomes a device for 
it may be used 
drawing integral curves similar to the integraph or as a plani-
/\ 
meter in finding the area. of any plane surface; hence as explain-
ed before, such an instrument can be conveniently employed in 
the generation of distance-time curves, when speed-time curves 
have been constructed. The principal parts of the attachments 
are the beam, B2 (see Fig. 79) to which a tracer point, T2 is 
fixed, and the shaft, S3. which has a bevel gear connection 
with S4 at its left end and has a pinion at the other end which 
engages with the rack on the beam B2. When the instrument is 
to be used as an integraph the thumb screw, C, is tightened so 
that G2 engages Gl. The method of drawing the distance-time 
curve is as follows: First bring the initial point of speed-
time curve on the line ab. Bring the friction wheel to the 
center of the friction disc and both the pencil and the tracer 
T2 on the initial point of the curve. Then turn the hand wheels 
Hl and H2 in such a way that T2 is always on the speed-time curve. 
The curve thus drawn by the pencil is the required distance-
time curve. Why the curve thus generated can be a distance-
time curve will be easily seen when we recognize the fact that 
by the operation the friction wheel is placed always at a dis-
tance from the center of the friction disc equal to the speed 
indicated by the tracer T2 and the pencil moves with proportion-
al speed while the paper travels toward the left. 
In concluding of this section it may be said that the 
description of the instrument is lengthy but the operation is 
very simple and a great number of desired curves will be gener-
ated with little labor and time. As to the probable cost of 
the instrument no estimation has been made, but it may be con-
structed with little expense in a railroad {!)'lop when it is not 
operated in full capacity, although an instrument made by a 
standard manufacturer of mathematical instruments like :Mr. 
Coradi, zurich, Swi tzerlanc'l, is to be recommended. It may be 
added here the faot that the instrument just described is useful 
not only in generation of speed-time, speed-distance, distance-
time curves, 'but also in drawing any first derivative curve as 
well as first integral curves. The proof is omitted here since 
no application of derivative curves is found in this thesis. 
F. Run Curves. 
In applications of speed-time, speed-distance curves, 
etc., it is often convenient to have produced a run curve, 
which is a dia.gr~tical representation of the relation among 
I\ 
speed, distance, and time involved in a complete run of a train. 
The run-curves may be classified as (1) "time" run-curves, 
which being produced from speed-time and distance-time curves 
-+ 
+ 
+, 
~+; 
!..... 
+i + 
r. H 
. '.±l=l 
:J!fil~ ~ 
. ,,,._, ·~ 
+ 
I 
.,,.., 
•rl 
' -,-.-
m· 
~' 
. U-J. 
-
-, 
t:1 
~ 
~ 
-..!. 
r, 
-1-
++ 
h -tt, 
-~ 1: ~ t "~ifl=te . C+ 
-~!-". 
.~ ii"!- = 
·d 11-" 
tn 
has its time-axis as abscissa, and (2) "distance" run-curves, 
which being produced from speed-distance and time-distance curves, 
has its distance-axis as abscissa. Two typical run-curves are 
exhibited in Figs. 82 and 83. In both classes of run curves the 
part of curves corresponding to the acceleration period is call-
ed "acceleration" curve, and similarly the parts corresponding 
to the coasting and braking periods are called "coasting" and 
"braking" curves respectively. 
A "time" run curve is produced as follows: Suppose by 
one of the methods described previously the speed-time and dis-
tance-time curves for 11 acceleration", coasting, and braking on 
various gradesand curves have been constructed. Then, the con-
an 
struction of the run curve is merely/\assembling these curves ac-
cording to some operating condition. For instance, the train 
is to run a distance AB, say 5 miles, starting at A and stopping 
at B. Then, produce the "acceleration" curve as shown by Aa in 
Fig. 82. Shift the braking curve until it becomes tangent to 
the "acceleration" curve and the 5-mile-line at b and B res~ect-
ively, (the curve may be shifted in any direction but should 
not be rotated). Now AB is the required distance-time run 
curve. Draw the "acceleration" and "braking" speed-time curves 
corresponding to Ab and bB, as shown by A'B'. This is the re-
quired speed-time run curve, and curves, AB and A'B' together 
constitute the "time" run curve. If the train coasted,the lines 
Ab and bB could not become tangent at any point, and "coasting" 
distance-time curve should become tangent to Ab and bB, when it 
is inserted between them. A "dists.nce" run curve can be produc-
ed in a similar way. 
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A. Running Time of Railway Trains, and Train Schedules. 
1. Train schedules and Running time. - The fundamental 
purpose of train schedules is to designate the time and place of 
train movements. The time and place, however, are functions of 
the tr active effort of the motive power, of train load, and of 
tra.in resistance, etc. II-Tany other important factors such as 
volume of traffic, competition in speed, meeting points, branch 
line connections, etc. on the one hand, and operating expenses 
and government regulations on the other hand, must be carefully 
con sic:tered in the construe tion of passenger train schedules and 
freight train schedules as well. The first, if not the most 
important, factor to bP. considered is the time required by a 
train to cover a distance, for instance, between one station and 
another. This running time of a tre~in with a certain make-up 
and on a certain track can be determined by actually running the 
train. In fact, this is the method commonly employed in making 
train schedules. But, such a method is inapplicable unless the 
motive power and the train are actually in existence. This is 
not always the case. For instance, a train schedule is c"tesired 
for a class of powerful locomotives to be purchased in order to 
surpass the schedule 0£ a competing line or lines. Further, 
there a.re numerous railway problems which require an accurate 
knowledge of running time for t heir scientific solution. In this 
' 
section, therefore, we will review some methods proposed for the 
predetermination of running time, .Primarily for the purpose of 
constructing passenger trB.in schedules; and then study the prac-
ticabili ty of the graphical and mechanical methods of constructing 
2~2 
speed-time curves, etc. when applied to this problem. 
2. Review of the method vroEosed. - Although the problem 
of determining the running time is important in many respects and 
its value is being gradually recognized by many railway engineers, 
very few publications have been made and the following method. is 
the only one which has come to our notice. 
In 1902, all the railways in Germany* reported to the 
Administration as to their methods for schedule construction. 
Among the forty-seven railways, according to the report, twelve 
did not consider the influence of the grades and curves, seventeen 
considered them but without any definite ground, and the other 
eighteeri roads took them into consideration in various ways. Among 
these eighteen railways, some classified the grades into three 
groups and increased schedule time on these groups of grades was 
added to the schedule of the trains on level tangent track. Some 
roads considered the influence of relative elevation of two sta-
tions without any regard to the deta.il s of the profile betv.reen 
them. Some roads increased the schedule only for curves regard-
less of the gradient. The Frankfurt-Bebrqer Railway, however, 
reported. that their train schedules had been constructed by means 
of the table next shown. 
It may be easily seen that the time required by a limit-
ed train or express train can be readily found by multiplying the 
coefficient found in this table into the time required by the 
train on level track. 
* E. Spirgatis: "Berechnung der Fahrzeiten aus den Zugkraften 
der Dampflokomotiven", R. Haupt, Leipzig, publisher. 1902. 
Coefficient. 
Gradient 
between 
Limited Trains Passenger Trains 
(?5 - 60 km./h) (60 - 45km./h) 
1:600 1:450 1.00 1. 00 
1:449 1:350 1.05 1.00 
1:349 1:2?5 l.10 1. 00 
1:274 1:225 1.15 1.05 
1:224 1:1?5 1.20 1.15 
1:174 1:135 1.30 1.30 
1:134 1:110 1.40 1.45 
1:109 1: 95 1.50 1. 60 
l : 94 , . 85 1.65 l. ?O .... 
1: 84 1: 75 l.?5 1.80 
This table was developed on the following theory: 
According to Clark, the total train resistance, Rat 
speed Von a grade i is expressed as 
2 
R = (2.25 + (0. 2?BV) + lOOi)(weight of train in tons). 
80 
The tractive effort, T.F.. at various speeds 
340 x ?5 91726 
T.E. = = 
0.2?8V V 
Then, equating R and T.E., we have 
199 = 91726. 
(2.25 + 0.000996V2 + lOOOi)V 
Solving for Vat various i, we get 
v = 55 km. when i = 1:315 
= 52 = 1:250 
= 48.5 = 1:200 
= 43 = 1:150 
= 34.5 = 1:100. 
Then dividing 60 km. ( speed on a level track) by V at various 
\ 
values of i, we get the coefficient as given in the table. 
Now, let: t = the time required on a uniform grade. 
L = the distance of the grade in km. 
V = the velocity in km. per hr. 
Then, 
t = 
2,, .. 
,.:, ".t 
60L 
v 
and, if t 1 , t 2 , t 3 .••.•. are the times required over a series 
of different grades, and v1 , v2 , ••.... are the corresponding 
speeds, we have for the total time, 
t = 60L2 60L3 
·+ + - + •....•••••••. 
V2 V3 
where Sis the standard speed of a train on a level track and 
the value of the quantity within the parenthesis is called 
"virtual length". The values S/V1 , •••. can be found in the 
table and Ll, L2, .... from the map of the division, therefore, 
the total running time of a train between st a tions can be com-
puted by this formula. 
The increase in schedule time due to slowing down the 
speed without stop at a station was assumed to be 1 minute; and 
slowing down with a stop 2 minutes. .A:n a.llorvance of 3 minutes 
each hour was made for freight trains. 
In 1902, the General Railway Administration instructed 
all the railways to make their passenger schedules on this 
basis. 
The meth od just described is rational and quite simple 
in its application. Clark's formula for train resistance, how-
ever, is not applicable to present railway train operation , be-
cause it gives almost 100 percent error in estimation, and the 
tractive effort used by Spirgatis (a hyperbolic formula) does 
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not agree well with recent test results. Therefore, if this me-
thod is to be employed the formulas for train resistance and 
tractive effort should be replaced by more reliable ones. 
3. Determination of running time by speed-time, distance-
time curves , etc. - In the previous chapter we have seen that a 
run curve represents the relation between the speed, distance, 
and time during a complete run of a train. Then the time requir-
ed in the run can be readily found when the run curve is construc-
ted. 
For example, let us suppose a train, wn ose speed 
curves are shown in Fig. 84a, is to run on a track whose profile 
is as shown in Fig. 85. Then the run curve as shown in ]'ig. 86 
can be produced from the speed curves and the running time can 
be accQrately determined. 
B. Energy Consumption in Railway Motive Powers. 
1. Coal consumption of steam locomotives. - As shown in 
the preceding chapter the drawbar pull of steam locomotives de-
pends upon the rate of evaporation, which in turn depends on the 
rate of firing coal per hour. If the profile of the road is uni-
form and the rate of firing is practically constant over a divis-
ion, the estiwation of coal consumption is very simple; but if 
on the contrary, the profile is irregular, with heavy grades and 
sharp curves, the rate of firing will vary from time to time and 
an accurate estimate of coal consumption will require careful 
consideration of the profile and of the resulting speed, which is 
itself a direct function of coal consumption. 
a). Henderson's method.* - G. R. Henderson has published 
an article on the 11 Fuel Consumption of Locomotives", in which he 
took a consolidation locomotive for example, and described a 
method for the predetermination of fuel consumption. The method 
is ba.sed upon the dia,gram shown in Fig. 87. A series of heavy 
lines constructed with his "hyperbolic" formula to which we referr-
ed in Chapter III,** represents the tractive effort of the loco-
motive at various rates of coal consumption per hour. Another 
series of light solid lines represents the total train resistance 
on various grades. The series of dotted lines, obtained by di-
viding the coal consumptions corresponding to the various tractive 
effort curves by the different speeds, represents the coal consump-
tion per mile. The diagram will, therefore, enable us to estimate 
coal consumption as soon as we know the length of each of the uni-
form grades on the division and the speed of train on each of the 
different grades. But this can be done only when we have made a 
number of such diagrams for various loadings of trains for each 
of numerous grades. Further, in this method the speed of a train 
over a grade is assumed to be uniform, or more definitely speak-
ing the speed is assumed to be always equal to the balancing speed 
on each grade. This assumption wo~ld be fair enough for trains 
running long distances without sto-ps, like "limited" passenger 
trains; but it is not so for heavy freight trains which stop every 
\ 
-----------------------------------------------------------------
* American Engineer end Railroad Journal, vol. ?9, p. 57 (1905); 
also "The Cost of Locomotive Operation", (1906), The Railroad 
Gazette, publisher. 
**· Fig. 4 is similar to his diagram, but the tractive effort 
curves have been produced for Illinois Central Railroad locomotive 
No. 1748, by the formula in Chapter V. 
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few miles, and which run most of the time at less than full speed. 
The magnitude of the error resulting from this method will be 
shown in connection with the new method discussed in the follow-
ing paragraphs. 
b). Houston's method. - Another method of estimating the 
coal consumption in steam locomotives has been described by Mr. 
Houston*. He assumes that if S denotes the speed below which a 
boiler can always generate sufficient ste8Jll for the engines work-
ing at full cut-off without drop in boiler pressure, the coal 
consumption of a locomotive is proportional to the speed for all 
speeds belows, and that it is constant or independent of speed 
for all speeds above S when the locomotive is working at its 
maximum power. He gives a table showing the amount of coal which 
can be economically consumed at the maximum power of locomotives 
with various heating surfaces. He also gives a diagram showing 
the relation between the evaporating power of one pound of coal 
at the various rates of working of a locomotive -below maximum 
power. The rate of working is assumed by him to be directly pro-
portional to the ratio of actual tractive effort at a given speed 
to the maximum tractive effort at that speed. With these data 
and these assumptions the coal consumption per unit time can be 
found for a locomotive working at maximum power or at any frac-
tion thereof. To find the time during which a locomotive con-
sumes coal while,running he employes speed-time curves. Gen-
erally speaking, the method seems to be sound although the data 
he uses in developing the table and diagram are not so reliable 
----------------------------------------------------------------
* Thesis for M.S. in Railway M.E., University of Illinois, 1913. 
238 
as more recent experimental data. 
c). A method of estimating coal consumption in steam 
locomotives. - With the formulas developed in Chapter V, the 
speed-pull relation at various firing rates or coal consumption 
per unit time can be determined for any locomotive, and from the 
speed-pull relations, by means of the method described in Chapter 
IX, the run curves for the locomotive with various train loads 
can be produced for any profile to be considered. ·when the run 
curves are made the coal consumption can be easily calcul~ted , 
since the firing rates for different speed-pull relations are 
known and the duration of the period during which the locomotive 
consumes coal can be found from the run curves. 
It may be menti oned here that with a certain locomotive 
and a given train load a number of series of run curves can be 
produced for a given profile, and the estimation of the coal con-
sumption for any series can be made by the above method if de-
sired: In practice, however, when a series of run curves is to 
be constructed it is governed not only by physical laws but also 
by operating and economic conditions, such as length of run, 
time, speed limit, passing points, maximum train tonnage, minimum 
coal consumption, etc., and practically speaking there is only 
one particular series of run curves which satisfies these condi-
tions. Thus, although it is equally possible to estimate the coal 
consumption of ~' tre.in run without restrictions, the method natur-
ally leads to the estimation of coal consumption under the con-
ditions of most economical train operation 7 and as a by-product of 
the method v,e have a series of run curves which is useful in 
constructing train schedules for freight or passenger service. 
It may not be out of place to direct here the attention of oper-
ating officials to the use of such schedules with instructions in 
freight train service, which will result in economy in fuel and 
in increased capacity of tracks. 
Aside from this fact it may be said that the method out-
lined above is a. logical procedure for the accurate estimation of 
coal consumption. We have sufficient experimental data for coal 
consumption per unit time but coal consumption can not be deter-
mined unless we know the duration of the period in which coal is 
consumed. This duration can only be determined by means of run 
curves produced either graphically or otherwise. As an elemen-
tary example, we will take the following case and compare the re-
sul t with that obtained by a method in which the duration of the 
period of coal consumption is figured out only approxim:;i,tely. 
Locomotive; Ill. Central R.R. locomotive No. 1748, 
weighing 225 tons. 
Train load; 1000 tons behind the tender drawbar. 
Firing rate; 6000 lbs. per hour, or 100 lbs. per minute. 
Length of runs; 5 miles each. 
Profile; level, 1/2 percent, and 1 percent grades. 
Braking power, 100 percent; Coefficient friction, 10 per-
cent, 
No curve on tracks; No coasting in runs; other conditions 
normal. 
The run curves shown in Fig.88 have been produced to fulfill all 
these conditions. From them we can readily find the running times 
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as in the first line in the following table: 
Item Level track i2e Grade 1% Grade 
Total running time, min. ?.8 10.1 14.3 
Running time under steam ?.4 9.82 14.1 
Coal consumption, lbs. ?40. 982. 1410. 
The coal consumption for each run of 5 miles can be easily cal-
culated since the locomotive consumes 100 lbs. per minute under 
the assumption made. As 3,ssumed by Mr. Houston, the coal con-
sumption of a locomotive below a certain speed (which is no doubt 
modified by gradient) is proportional to the speed. Adjustment 
for such speed variation may be made but the period during which 
a train runs under such conditions is very short, amounting to 
only 0.3 minute (10 lbs. in coal) and for practical purposes 
is unnecessary to make such fine adjustments. 
The coal consumption of the locomotive under exactly the 
same conditions has been estim~ted by Henderson's method, the 
first described in this section, and the following results were 
obtained! 
On level track; 5 miles at 55 miles an hour, 
109 lbs. per mile= 545 lbs. 
On 1/2% grade; 5 miles at 34 miles an hour, 
1?7 lbs. per mile= 885 lbs. 
On 1% grade; 5 miles at 22.5 miles an hour, 
26? lbs. per mile= 1335 lbs. 
This estimation was made by means of the diagram specially pro-
duced according to the original writer's directions for the lo-
comotive and the conditions cited. above. Comparison of the re-
sults of the two methods reveals that Henderson's method leads 
o.• ·• ~ ~) t, 
to errors in estimated coal consumption of from 5.3 to 26.4 :per-
cent. 
Level 1/2,~ Grade 1% Grade 
Coal consumption by old method 545. 885. 1335. 
Coal consumption by new 
method 740. 982. 1410. 
Difference, 196. 97. 7 5. 
Percent difference 26.4 9.8 5.3 
This great error is entirely due to the fact that in the old 
method the running time was not determined correctly. It was 
roughly assumed that a train runs at a uniform speed throughout 
the run, or in other words that the acceleration and braking 
forces are infinite. The percent error, however, reduces as the 
length of run increases. For instance, if the length of the run 
is 10 instead of 5 miles the percent error on level tr~ck will be 
13.2%; and the error becomes insignificant for a train running a 
long distance without stops. For a heavy freight train which 
stops almost every ten or twenty miles, however, the error is 
serious enough to warrant careful c:i.lculation of the running time 
by some rational method in order to obtain correct results in es-
timating coal consumption. 
The coal consumption for firing up and for waiting on 
passing tracks is estimated to be from 12 to 20 percent of the 
total coal consumption for various operating conditions and 15 
percent is considered to be a fair average value. 
2. Energy consumption in electric locomotives. - Prac -
tically speaking a steam locomotive is a constant power machine 
n·•. 
"~, 
and its energy consumption is little affected by speed. :.ilectric 
motors commonly used in railway traction, however, are variable 
power machines and their energy consumption has an intimate re-
lation to the running speed. Consequently , speed-time run curves 
are indispensable for an accurate estim~tion of the energy con-
sumption of electric motors. 
The method of estinnting energy consur.1ption is as fol-
lows: Sup,ose that the speed-torque-current relation of the 
motor under consideration is as shown in Fig. 89 and that the 
corresponding run curve as shown in Fig. 90 has been produced. 
Then from the speed-torque-current relation we can construct a 
current-time* diagram corresponding to the particular run as shown 
in the same figure. 'l'he area under the current-time curve is 
rt:z 
IT= Jit idt, 
where I represents the average current used during the run, T 
the running time, i the current at various speeds, t1 the time 
at the start ~nd t2 the time at the cut-off of the current. The 
value, 1-i7- idt can be determined by means of a planimeter, inte-
graph , or kineograph, or by any other convenient gr a_ph i c 9.1 or 
analytical means. Then, since the ~ -watt-hour of electric en-
ergy is equal to 
* For construction of current-time curves, see Professor A. !, 1 • 
Buck's Electric R3.ilY1ay Traction, or any other text-book on the 
subject. 
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r'I. EIT = EJ-i, idt, 
and the voltage Eis a consts.nt of known value*, the energy con-
surnption cs.n be accurately determined. 
The construction of the current-time curves can be con-
veniently and quickly effected by the aid of a templet** such as 
is shown in Fig. 91. 
C. Tonnage Rati~. 
1. Nature of tonna~e rating. - Tonnage rating or loco-
motive rating is the determination of the proper tonnage to be 
hauled by a locomotive from one terminal to another under certain 
conditions. It implies the assignment of the rated tonnage to 
the locomotive in the yards. Tonnage ratings may be classified, 
according to the different purposes which it me,y be desired to 
serve, namely: (1) Determination of the maximum tonnage a loco-
motive can haul over a division within a certain time; ( 2) Ton-
n a ge rating for the purpose of transporting maximum tonnage per 
locomotive per day over a given division; and (3) Determination 
of the rating that will give the minimum cost per ton-mile. 
* There is a slight drop in potential toward the end of trolly 
wires. For a graphical method of finding corresponding drop 
in speed of motors, see Eng. Exp. Sta., University of Illinois 
Bulletin No. 90, page 7; or ~lectric Railway Journal, vol. 46 
page 595. (1915). 
** For the use of a similar device, see Engineering Experiment 
Station, University of Illinois, Bulletin No. 90, page. 33. 
In any class of tonnage rating, it is necessary that 
the drawbar pull exerted by t h e locomotive be utilized with the 
utmost efficiency. Suppose thg,t T represents the tractive ef-
fort or drawbar pull at a certain speed, R the total train re-
sistance, ca certain constant and f the efficiency of tonnage 
rating, then in any case, we have 
and 
or 
T = R + c, 
f = R/T 
f = ( T - c )/T. 
The quantity c is virtually reserve tractive effort and it is 
possible to make the value of c so small as to make f approach 
100%, but this practice does not serve the ultimate purpose of 
tonnage rating since a train thus made up may be stalled on a 
ruling grade when the weather is adverse and the result would be 
traffic congestion. It is, however, the sole purpose of tonnage 
rating to keep the value of c as small as possible, and utilize 
all the potential capacity of the motive power and of the track. 
As will be seen later, in the first class of tonnage ratings, we 
consider T as a fixed value and try to find out what tonnage will 
give a value of R equal to Tor nearly so, so that c becomes as 
small as possible, i.e., to have 100% for f. In the second class, 
both T and R vary with speed and we endeavour to find such a 
speed and corresponding tonnage as will give the maximum ton-
mileage per locomotive per day when f is 100 percent. In the 
third class of ratings, T and R vary as in the second, and we try 
to find the corresponding speed, tonnage, and operating expense, 
from which we may determine the rating which will give minimum 
cost per ton-mile. 
2. Tonnage rating for maximum tonnage per train. - In 
this class of ratings the contplling factor of the problem is the 
"ruling point" - usually the ruling grade of the division under 
consideration. If the ruling grade can be passed by the locomo-
tive hauling a certain tonnage at a given speed, the locomotive 
is usually able to fulfil its assigned duty within the given time. 
If an accurate determination of the effect on speed or time of 
the rise and fall on other parts of the division is required, it 
may be computed by certain formulas or by means of speed-time 
curves. A ruling grade may, according to the character of the 
adjacent profile, be a momentum grade on which the momentum of 
trains aids them in surmounting the grade; or it may be a me-
moRt~m grade which the trains surmount by means of the drawbar 
pull of the locomotive only. 
a}. A brief sketch of the development.~~ tonnage rating.-
Up to the early eighties, locomotives were generally assigned 
their loads by the number of cars without much reference to 
weight or tonnage. Experience, however, showed that a given lo-
comotive could haul a certain number of lighter cars easier than 
· i it could haul an equal number of heavily loaded cars, and "tonnage 
rating", in which a locomotive was rated with a certain number of 
tone instead of cars, was inaugurated. After several years ex-
perience with this method, it was discovered that a given locomo-
tive could haul a greater tonnage of loaded cars than of empty 
c~rs. Basing upon this fact , the "adjusted" tonnage method was 
devised and soon adopted by many roads. In this method, as it 
was originally introduced, the difference in car resistance between 
, . 
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loaded and empty cars only was recognized; but later it was found 
that this method, under a certain admissible assumption, could be 
applied also to the adjustment of tonnage for cars of any weight 
and capacity, i.e., cars loaded to any fraction of their full 
capacity and cars of different capacity fully loaded as well as 
empty. A slight objection to this method is found in its use of 
a fictitious "adjusted tonnage", which frequently mystifies the 
men who make up trains in the yards. In view of this fact the 
equated tonnage method in which the rating in yards is effected 
in terms of a natural instead of a fictitious tonnage was intro-
duced. It is generally expressed in the form of a table showing 
the tonnage which can be haulere by locomotives of various classes, 
according to different car weights. This table is constructed by 
equating the train resistance of trains of various car weights to 
the drawbar pull of diffe rent locomotives. This method is some-
times identified with the rational drawbar meth od to be described 
l a ter. These meth ods, i.e., adjusted and equated tonnage methods, 
are based on the assumption that the relation between the resis-
tance per car and the gross weight of the car is represented by a 
straight line. In certain cases, however, this assumption is not 
correct and the error it involves makes the efficiency of the 
rating sometimes as low as 90% and sometimes as high as 105%. To 
remedy this defect, t wo oth er methods were proposed. One of them 
is the so-calle~ variable car factor method in which the relation 
of car resist~nce to the car weight is used in just the form in 
which it results from train resistance tests, and the different 
car factors for various car weigh ts 3.re expressed in terms of 
tons as in the case of the adjusted tonnage rating method. These 
,. 
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car factors are added to the natural tonnage of the cars. This 
may be done by ordinary calculation and a table may be made for 
ready application in yards; sometimes, however, the addition is 
automatically performed by means of a special machine, in which 
when a key marked for the actual tonnage of a car is struck it 
prints the adjusted tonnage, and also the sum of the tonnages as 
in an ordinary adding machine. Another method is the drawbar pull 
method, in which the resistl3.Jl.ces of ca.rs of various weights are 
found - as in the case of the variable car factor method - from 
the relation between c~r resistance and car weight, and they are 
added until their sum equals the drawbar pull of the locomotive. 
A table may be constructed which will give actual tonnages of 
trains for various classes of locomotives and for trains of uni-
form car weight. If the data showing the relation of car resis-
tance to average car weight is used in the construction of this 
table, it will be applicable to trains of cars with uniform weight 
as well as to trains of cars with non-uniform weight. 
The method of rati.ng locomotives by the number of cars 
'3.Jl.d the "straight" tonnage methods are obsolete today, s.lthough 
they are still used on small feeder and local lines where the vol-
ume 9f traffic is not sufficient to warrant more scientific meth-
ods. The method most extensively employed in this country at 
present is the single car factor adjusted tonnage method; but 
the tendency is toward th~niversal adoption of the drawbar pull 
method based upon actual resistances per car determined ·by tests. 
b). Rating locomotives by the adjusted tonnage method. -
The general procedure is as follows: First an experimental train 
is run with a locomotive over the ruling grade, the train being 
composed of a number of cars which can be hauled by the locomo-
tive at a certain speed, say 10 miles per hour. Then another ex-
perimental train of empties or lightly loaded cars is run with 
the Sl3.:me locomotive over the grade at the same speed, and the 
t ·onnage J:t..nd the number of the cars are determined. Let us suppose 
that by these tests the following data is obtained: 
Loaded ~ar train, 30 cars, 1830 tons. 
Empty car train, 90 cars, 1350 tons. 
Difference 60 cars, 480 tons. 
Then, 480 + 60 = 8 tons car factor, 
and 30 cars x 8 + 1830 = 240 + 1830 = 2070, adjusted tons. 
Similarly the car factor and the adjusted tonnage can be 
determined for any locomotive over any ruling grade. The car fac-
tor depends only upon the ruling grade, while the adjusted tonnage 
depends only upon the locomotive. The yard master whose duty it 
is to make up the train is advised of the car factor and of the 
adjusted tons for each class of locomotives, and is instructed so 
to make up trains that the actual tonnage of the cars plus the 
number o f cars multiplied by the car factor equals the adjusted 
tonnage. If, for instance, he has coupled 52 cars weighing 1580 
tons to a locomotive rated at 2070 adjusted tons, and he wants 
to find out whether this tonnage is correct or not, he makes the 
following calculation 
1580 + 52 x 8 = 1996 adjusted tons, 
rr I ;· 
and finds that the train is under-rated by 64 adjusted t ons. He 
then adds another _car weighing about 56 tons (64 - 8). 
The validity of this method* may be demonstrated as 
follows: The results of dynamometer car tests show that the re-
lation between the resistance per car in pounds and the gross 
weight of cars can be quite closely represented by a straight 
line as shown in Fig. 92. If R denotes the total resistance of 
one car on level tangent track in pounds, fo the slope of the 
straight line, c the intercept of the line on the resistance-
axis, and w the weight of car in tons, we have 
R = f 0 w + c, 
and on a grade of g percent, the resistance per car is 
Rg = f 0 w + c + 20 gw, 
Rg = (fo + 20g)w + c. 
For a particular grade 20g is a constant. then representing 
(f0 + 20g) by f, we get 
Rg = fw + c. . . • • . • . • . . • . . . • . • . • ( l) 
Next, suppose that two experimental trains have been run in the 
same way as described before, and that the resu:}.ts are as fol-
lows: 
First Train Second Train 
Number of cars, Nl N2 
Weight per car, in tons, wl w2 
Cross weight, in tons w1 W2 
Then, 
and 
But the drawbar pulls in the two cases are equal. hence 
~---------------------------------------------------------------
*L.G.Hass: "Car factor", R.R. Gazette, Nov. 1, 1895; also Penna. 
Railroad test dept. Bulletin No. 26. 

Dividing both sides by f, 
24~, 
c c 
WlNl + -Nl = w2N2 + fN2 f 
Then, representing c/f by K, we have 
w 1 + KN1 = W2 + KN2 .................. (2) 
and W2 - W1 K = . . . . . . . . . . . . . . . . . . . (3) 
N1 - N2 
In equation (3) K is recognized to be the car factor, and the 
value of each member of equation (2) is the adjusted tonnage of 
the locomotive. It follows, then, the trains whose adjusted 
tonnage is the same offer the s~me total train resistance and 
require the same drawbar pull in order to be hauled over a grade 
at the same speed. 
c). Equated tonnage ratin_g. - This method was first de-
veloped by Mr. Wickhorst, Engineer of Tests, Chicago, Burlington 
& ~uincy Railroad. This method is sometimes confused with the 
adjusted tonnage method, but they are entirely different. In 
this method the resistance for cars of different weights is cal-
culated from a diagram showing the relation of train resistance 
in lbs. per ton to various car weights under different weather 
conditions. The number of cars t hat can be hauled over a grade 
is obtained by simply dividing the drawbar pull of the locomotive 
at the grade by the resistance per car, that is, if w represents 
the weight of the car in tons, g the percent of grade, N the 
number of cars, and T the drawbar pull of the locomotive over 
\ 
the grade, then 
T = N{r + 20g)w 
or T 
N = 
w(r f 20g) 
25U 
and the tonnage the locomotive can haul is equal to Nw. The 
yard master and conductors are provided with tonnage tables of 
the form shown in Fig. 93. 
d). Drawbar Eull method. - This method was first intro-
duced by M. H. Fergusson. From the results "of dynamometer car 
tests covering a period of six months, and including some 10.000 
cars", he found that the curve representing the relation between 
the car resistance and car weight is not a straight line but a 
curve which is shown in Fig. 94. From this curve he found the 
resistance for cars of various weights. and by adding a proper 
grade resistance he constructed ta.bles to be used in loading lo-
comotives in yards. 
e). Variable car-factor method, - is an adjusted tonnage 
method in which the car-factor is considered to vary with aver-
age car weight as indicated by results of dynamometer car test, 
whereas in the single car-factor method it is considered to be 
a constant. The rating by this method is effected usually by 
means of a special form of adding machine as mentioned before. 
This method has an advantage over the single oar-factor method 
in its theory, but is more complicated in application. It in-
volves the u se of fictitious "adjusted" tonnage as in the case 
of the single car-factor method. 
3. Tonnage rating for maximum ton-miles per day per 
locomotive. - There are many reasons for traffic congestion.for 
some of which operating departments , must be responsible; but it 
is the railway engineer's duty to study this proble~ thoughtful-
ly in order to devise a means to handle successfully a great 
TONNAGE RATING FOR ~NGINES (Gross Tonnage of Train Exclusive of Way Car) 
Rate A Rate B Rate C 
Cars .Al A2 Hl H2 Al A2 Hl H2 Al A2 Hl H2 . 
50 500 665 775 550 645 505 5~0 
45 515 680 790 565 660 520 t:505 
Murray a 40 530 450 695 805 440 580 680 400 535 020 
and 35 , 545 465 715 825 455 385 595 700 415 350 550 040 
Kansas 30 560 480 735 845 470 400 615 720 430 365 565 ooo 
City 25 580 495 755 8'?0 490 415 640 740 445 380 580 t:580 
20 600 515 780 895 510 435 660 760 465 395 600 ·100 
15 625 540 805 920 530 455 680 785 485 415 625 '720 
10 650 565 555 480 ,705 810 510 440 650 '14b 
80 895 1250 1505 845 1020 830NJ 
75 925 760 1290 1545 875 1050 855~ 
70 955 785 1330 1590 ~05 1085 740 8851-' 
65 990 815 1370 1635 675 940 1125 765 920 
60 1030 846 1420 1685 700 975 1165 575 795 955 
Murrays 55 1070 880 1470 1740 730 595 1015 1210 595 830 995 
and 50 1115 920 1520 1795 765 625 1060 1260 620 505 865 1040 
Council 45 1165 965 1575 1855 805 655 1105 1315 655 535 905 1085 
Bluffs 40 1220 1015 1635 1915 845 695 1155 1370 690 565 955 1135 
35 1275 1065 lE:H15 1975 8'd5 740 1210 1425 735 600 1005 1190 
30 1330 1120 1755 950 790 1270 1485 785 645 1055 1245 
25 1390 1175 1815 1010 840 1330 1545 835 6~5 1115 1305 
20 1235 1070 895 1390 895 750 ll'l5 l3o5 
15 1130 950 955 810 
45 555 620 475 530 4~5 
40 565 630 485 545 455 505 
Bigelow 35 420 360 580 645 365 495 560 340 465 520 
ans 30 435 370 595 660 375 320 510 575 350 300 475 535 
Villisca. 25 450 380 610 675 385 330 525 590 360 310 4~U 550 
20 465 395 625 6~0 400 340 540 605 375 320 510 5o5 
15 485 410 645 720 415 355 560 625 390 335 530 5'd5 
10 505 420 670 745 435 375 580 645 410 350 550 005 
Corning 
and 
Clarinda. 
Cars Al 
, 
450 
Rate A 
A2 
410 
TONNAGE RATING FOR ENGIN~S 
(Gross Tonnage of Train Exclusive of Way Car) 
Hl H2 Al 
410 
Rate B 
A2 
370 
Hl H2 Al 
Rate C 
A2 Hl H2 
Rating "A" governs under ordinary conditions when temperature ia above 30 degrees; 
"Bn, when temperature is between 30 degrees and 10 degrees, or when weather is markedly windy 
or stormy; "C", when temperature is below 10 degrees above or in high head winds or very 
stormy weather. 
Time freight and stock trains will ordinarily use "B" rating, and in unfavorable con-
ditions "C" rating; but in very stormy or very cold weather will reduce tonnage so that 
approximately schedule time may be made. 
Rating over Kansas City Bridge should be carefully considered by Conductors, in asking 
for helper. 
When an engine fails to haul its rating Conductor must telegraph Chief Dispatcher 
the cause of failure, and at end of trip Engineer must make written report to Master Mechanic. 
Fig. 93. 
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tide of traffic at its peak with a given track. cars, and motive 
power. Although the capacity of each element of railway equip-
ment is fixed, he may, by a careful study, find a way to secure 
their combined maximum capacity. 
There are two distinct ways by which this sort of prob-
lem can be solved. Ths first is to keep statistics of locomo-
tives. train loads. running time. etc. for a division under con-
sideration and. when sufficient data are accumulated, to analyze 
them carefully and draw a certain conclusion. The practical 
difficulty in this method is that the accumulation of this data 
requires considerable time and labor and that the statistics 
must have included all ranges of train loads, and furthermore, 
the result of the analysis applies only to the division from 
which the statistics were gathered. The second method is to 
solve the problem by means of established principles of mechan-
ics, with tractive effort and train resistance data. This 
method is rational and simple, and requires much less time and 
labor while the result is as accurate as that obtained by the 
first method. 
In 1905, G. R. Henderson published* an interesting ar-
ticle in which he touched upon the second method. The method 
was then new and it attracted the attention of engineers; but 
as we have seen in a previous section it contained a serious 
defect in the a~sumption made in determining running time. With 
this exception his method is rational and of great value. Many 
* "Economical train operation", Aro. Eng. and Railroad Journal, 
vol. 78, pp. 371, 411, and vol. ?9, p. 11. (1905); see also 
his "Cost of Locomotive Operation". 
25t) 
articles which relate more or less closely to this subject may 
be found in American Railway Engineering Association Bulletins 
and other periodicals. An interesting result of his statistical 
study of the problem ha.s been published by Mr. Mott. This will 
be shown later and compared with the results of another method. 
We have seen in the previous section how the running time of a 
train can be determined accurately by means of speed-time curves. 
When the running time of trains with various train loads on a 
particular division has been found, the tonnage rating for maxi-
m~m ton-miles per locomotive per day is very simple. 
Lett denote the time required for a train with W gross 
tons back of the tender to p3.SS over the division, and let H 
denote the hours the locomotive is on road, then the ton-mileage 
which the locomotive can make every day is 
M = 
WmH 
t 
In this equation mis a constant and H should be considered as 
constant. The value oft varies with W, and it will be deter-
mined by means of speed-time curves. Then, with the values of 
t corresponding to various values of W, by means of the above 
formula we can find values of M corresponding to different train 
loads ,w. Representing then the relation of Mand Won a coordin-
ate system the maximum value of M can be easily found. 
As an fllustration of the method, we will consider a 
division of 120 miles whose profile is as shown in Fig. 96a, and 
a locomotive whose speed-pull relations at various firing rates 
is as shown in Fig. 86. In this example we assume: (1) that 
the trains stop at Stations A, B, C, D, E, F, and Gin order to 
let other trains pass; (2) that the trains take necessary coal 
and water during these stops; (3) that the time required by 
these stops amounts to 20 percent of the actual running time; 
9.nd (4) that the boiler is fired at the rate of 5000 lbs. per 
hour on all up-grades, and 4000 lbs. on level track and on do,,vn-
grades until it reaches the speed of 40 m.p.h., which is the max-
imum speed allowable. 
Under these conditions the run curves shown in Fig. 9q 
have been produced from the speed curves shown in Figs. 95a, 
95b, and 95c, which in turn were produced from the speed-pull re-
lations of the locomotive. 'i'he running time and the actual time 
on the road for tre,ins with 1000, 1500, 2000, 2500, and 3000 
gross tons behind the tender are found from the diagrams to be 
as shown in the following 'table. With this data and the formula 
mentioned in the preceding paragraph the values in item 6 ~re 
1. Weight of train, tons, 
behind tender 1000. 1500. 2000. 2500. 3000 
2. Ton-mile per trip, in 
1000 ton-mile . . . . . . . 120 180 240 300 360 
3. Running time, minute. 213.3 250.2 285.5 334.0 409.6 
4. Actual time on road, 
hour .............. 4.26 5.00 5.?? 6.68 8.19 
\ 
5. Number of trips per 
24 hours .......... 5.62 4.8 4.16 3.58 2.93 
6. Ton-miles per locomotive 
per 24 hours, in 1000 6?5 865 1000 10?5 1050 
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calculated and plotted against the values in item l, in Fig. 97. 
This diagram indicates that in order to transport the maximum 
amount of traffic over the assumed division with a certain number 
of locomotives, the trains should weigh between 2500 and 2750 
tons each. The speed of these trains on the ruling grade is be-
tween 12 and 14 m.p.h. which fully satisfies the conditions de-
fined in the first class of tonnage rating previously described. 
In this example train resistance per ton for 50 ton cars is used. 
The tonnage for other trains with other average car weights may 
be calculated by processes which have already been explained. 
4. Tonnage rating for minimum ton-mile co.st. - Under 
present economic conditions and government regulation, no rail-
road property can yield a fair return on the investment unless 
the property is operated most effectively and economically. 
Every year in this country alone over $220,000,000. is expended 
for coal and over $250,000,000 for train crew wages, and this 
annual expenditure of some $500,000,000 - a quarter of the total 
annual operating expense of $2,000,000,000 - is most sensitive-
ly affected by tonnage rating even when the annual ton-mileage 
is constant. Being of such an important character, the solution 
of the problem has been attempted by many students of the sub-
ject. As in the case of tonnage rating for maximum ton-miles 
per locomotive per day the tonnage rating for minimum ton-mile 
cost can be found from statistics if sufficient data have been 
accumul~ted. An excellent example of the method will be found 
in Mr. Mott•s article mentioned before. Henderson attacked 
this problem from an entirely different angle. His method is 
2oJ 
described fully in the article referred to in the preceding 
section. His general plan is thorough and valuable for any in-
vestigator who attempts to solve this problem by other than the 
statistical method; but the determination of running time which 
is of vital importance in the problem ought not be made as Hen-
derson suggests. 
A careful study of railway operating expenses as shown 
in the following pages convinces us that strictly speaking prac-
tically every item of operating expense is more or less affect-
ed by train load even when we assume that the total ton-miles 
made over a division is constant. It is impossible at the pre-
sent stage of our knowledge to detect and express quantitatively 
the influence of train load on every item. Fortunately, however, 
the effect on the most of the items is very slight, and they can 
be safely assumed to be independent of train load if a definite 
number of ton-miles is to be made with locomotives of definite 
power and weight. For instance, item (9}, "Bridges, trestles, 
and culverts" apparently is affected by train load, but it is 
in reality very little affected because t~e maximum strain on a 
bridge is chiefly due to the weight of locomotives and is prac-
tically independent of the weight of trains. Another conspic-
uous item, ( 25) "Stearn lo como ti ve-repairs", for in stance, is 
also little affected by train load. A heavy train runs slowly 
but requires g!'e9,t tractive effort, while light trains run at 
higher speed with lower tractive effort; but they develop about 
the same horse power, that is, the boiler at least works at the 
same rate in the two cases. The engines of light trains have to 
2oJ 
Analysis of Operating Expenses for the Year Ended 
June 30, 1914 - Class I Roads.* 
I. Maintenance of way and structures: 
1. Superintendence ........................ . 
2. Ballast ••....••••.•••..•.•.•.•••.••..••• 
3. Ties ................................... · 
4. Rails .................................. . 
5. Other track material •.•••..•..•...•.••• 
6. Roadway and track •••.•.•.•.••..•••••.••• 
?. Removal of snow, sand, and ice ••••••••.. 
8. Tunnels ............................... · · 
9. Bridges, trestles, and culverts ••••..••. 
10. Over and under grade cro seing ••••••.•••• 
11. Grade crossings, fences, cattle guards, .. . 
and signs ................ . 
12. Snow and sand fences and snow sheds 
13. Signals and interlocking plants ••..•.••• 
14. Telegraph and telephone lines •••.•••.••• 
15. Electric power transmission .•....•..•... 
16. Buildings, fixtures, and grounds •.••.... 
17. Docks and wharves •..•••••••..•.•••...••• 
18. Roadway tools e.nd supplies •..•••••.•.•.. 
19. Injuries to persons .••.....••...•••..... 
20. Stationary and printing •••.••••••....•.. 
21. Other expenses ......................... . 
22. Maintaining joint tracks, yards, and other 
facilities - Dr •••..••.•... 
23. Maintaining joint tracks, yards, and other 
facilities - Cr. • ••••.•••. 
Total - Maintenance of Way and Struct. 
II. Maintenance of equipment: 
24. Superintendence •••.••.••..•••.••••••••.• 
25. Steam locomotives - repairs ••••••••••.•• 
26. " " - renewals ...•••.•.•.• 
27. " " - depreciation •.•••.••• 
28. Electric locomotives - repairs •••.•••.•• 
29. " " - renewals •...••••• . 
30. " " - depreciation ••..• 
31. Passenger-train cars - repairs ••••..•.•• 
32. " " " - renewals ••••••••• 
33. " " " - deprec ia.tion ••.•• 
34. Freight-train cars - repairs •..••...••.. 
35. " " " - renewals •.••••.••.• 
Percent 
0.977 
0.332 
3. 074 
0.8?5 
0.987 
6.846 
0.266 
0.051 
1.685 
0.0?1 
0.329 
0.021 
0.546 
0.21? 
C.03? 
1.747 
0.152 
0.249 
0.144 
0.037 
0.011 
0.??3 
-0.561 
18.866 
0.?04 
8.183 
0.132 
1.027 
0.036 
0.012 
1.523 
0.050 
0,298 
8.510 
0.597 
------------------------------------------------------------~---· 
+: Interstate Commerce Commission: "Statistics of Railways in the 
United States", 1914, p. 59-60. 
II. Maintenance of Equipment (continued). 
36. 
3?. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
Freight-train cars 
Electric equipment 
II II 
ti II 
- depreciation ••...•... 
of cars - repairs ••.•• 
" " - renewals •..• 
" " - depreciation 
Floating equipment - repairs ••.•..•..••• 
" " - renewals •.••••...•• 
11 " - depreciation ..••••• 
Work equipment - repairs •.•..•........•• 
11 " - renewals •••.••••...•••. 
" " - depreciation ••....•...• 
Shop machinery and tools •..•...••••.•.•• 
Power plant equipment •••.•••..•.•••.•.•• 
Injuries to persons •••••••••••••..•.•••• 
Stationary and printing ••.••••••••••••.. 
Other expenses ......................... . 
Maintaining joint equipment at. termina.1 s, Dr. 
Maintaining joint equipment at 
terminals, Cr. . . . . . . . . . . . 
Total - Maintenance of equipment 
III. Traffic expenses: 
53. Superintendence •••••••.•.••••••••.•••••• 
54. Outside agencies •••....••••.•.•.....••.. 
55. Advertising ...•......................... 
5 6 • Traff i c ass o c i at ion . . . • . • . • • . • • • . . •••••••• 
57. Fast freight lines •.•••.••••••••.••••..• 
58. Industri~,l and immigration bureaus •••.•. 
59. Stationary and printing •.•.....•••.•.... 
60. Other exp~nses ......................... . 
Total - Traffic expenses . . . . . . . . . . . . 
IV. Transportation expenses: 
61. Superintendence •••...•••.......•..•••.•. 
62. Dispatching trains ••••..•....••..••.•..• 
63. Station employees ••••.•••••••••.•..•..•• 
64. Weighing and car-service association 
65. Coal and ore docks •••.•..••••••••••.••.. 
66. Station supplies and expenses .•••.••.••• 
6?. Yard masters and other clerks ••••.•••••• 
68. Yard eonductors and brakemen ••••••••••.• 
69. Yard switch and signal tenders ••••..•.•• 
70. Yard supplies and expenses •.••..••••.•.• 
?l. Yard enginemen ......................... . 
72. Enginehouse expenses - yard •••••••..•... 
73. Fuel for ya,rd locomotives ••••••....••••• 
74. Water for yard locomotives .•••.••••••.•• 
?5. Lubricants for yard locomotives •..•••... 
Percent 
2.004 
0.014 
0.007 
0.044 
0.003 
0.019 
0.228 
0.038 
0.079 
0.546 
0.018 
0.11? 
0.054 
o.025 
0.08? 
-0.044 
24.311 
0.765 
1.137 
0.379 
0.071 
0.154 
0.082 
0.320 
0.006 
2.914 
1.256 
0.845 
6.886 
0.11? 
0.176 
0.574 
0.850 
2.830 
0.213 
G.079 
1. 637 
0.524 
1.570 
0.109 
0.030 
I. 
IV. Transporta.tion expenses: (continued) 
76. Other expenses for yard locomotives ••.... 
77. Operating joint yard and terminals - Dr ••• 
78. Operating joint yard and terminals - Cr ••• 
79. 11otormen .......................... . ... . 
80. Road enginemen •••••••••.•••••••••••••• 
81. Enginehouse expenses - road •.•.•••.•..• 
82. Fuel for road locomotives •••.••••.••••. 
83. Water for road locomotives ••....•.••••• 
84. Lubricants for road locomotives •••••••• 
85. Other expenses for road locomotives 
86. Operating power pll'tnts ••••....••••••.•• 
8?. Purchased power ...••.••...•.•••.•••..•• 
88. Road tra.inmen ......................... . 
89. Train supplies and expenses •••••••••....• 
90. Interlockers and block and other signals -
opera.,tion ................ . 
91. Crossing flagmen and ga temen ••.•••...•• 
92. Drawbridge operation ••.•.••......•....• 
93. Clearing wrecks •...••.•..............•• 
94. Telegraph and telephone-operation ••..•• 
95. Operating floatin g equipment •...••...• 
96. Express service ••••••....•.........•..• 
97. Stationary and printing ••.••••••••....• 
98. Other expenses ........................ . 
99. Loss and damages - freight •••••..•...•• 
100. Loss and damage - baggage •••••••••.•..• 
101. Damage to property •••••••••••...••••.•. 
102. Damage to stock on right of way ••••••.• 
103. Injuries to persons •••••••••••.••..•... 
104.0perating joint track and facilities - dr. 
105. Operating joint tracks and facilities -
Cr. . ..................... . 
Total - Transportation expenses 
V. General expenses: 
106. Salaries and expenses of general offices 
107. Salaries a.nd expenses of clerks and attend-
. ants ..................... . 
108. General office supplies and expenses 
109. Lav, expenses .......................... . 
110. Insurance ............................. . 
111. Relief department expenses •••..••••.••• 
112. Pensions .............................. . 
113. Stationary and printing •••••..•...••••. 
114. Other expenses ••.••••.......•..•...••.. 
115. General administration joint tracks, 
yards, and terminals - Dr ...• 
116. General administration joint tracks, 
yards, and terminals - Cr •.•• 
Total - General expenses 
Total operating expenses ....... 
Percent 
0.035 
1.332 
-0.793 
0.048 
5.947 
1.729 
9.423 
0.617 
0.175 
0.191 
0.058 
0.048 
6.415 
1.843 
0.532 
0.360 
0.049 
o. 267 
0.296 
0.145 
0.002 
0.425 
0.129 
1 .• 555 
0.014 
0.204 
0.190 
1.233 
0.284 
-0.257 
50.192 
0.481 
1.542 
0.182 
0.664 
0.350 
0.034 
0.174 
0.159 
0.200 
0.015 
-0.015 
3.717 
100.000 
2o 'i 
work at higher speed and consequently the wear of cylinders, pis-
tonrings1 etc, may be a little greater; but this is likely to be 
offset by less trouble with main rods, pins, etc. 8imilar study 
shows that not every item of operating expense is affected by 
train load. It does affect radically the following four items: 
Item 80. Road enginemen ............... 5.94?% 
" 
82. Fuel for road locomotives 9.423% 
II 83. Water for road locomotives 0.61?% 
" 
88. F.oad trainmen . . . . . . . . . . . . . . . . 6.415% 
That these four items are very sensitive to the influence of 
train load will be shown presently. It may be added here that 
the foregoing analysis indicates that the minimum ton-mile cost 
is obtained when the sum of these four variable items is a min-
imum. 
The wages for train crews can be easily calculated from 
the contract between a railroad and its employees, when the 
exact time of service is known. At present the Illinois Central 
Railroad Company is paying the train crews of Mikado locomotives 
at the following rates: 
Engineer ....... 64.25 cents per hour 
Fireman 36.25 II II II ........ 
Conductor ...... 52.25 II 
" " Flagman 34.?5 II 
" 
II 
. . . . . . . . 
Brakeman 34. 75 It II II ........ 
Each man of the train crew is entitled to ten hours• pay when 
he makes 100 miles, even though the actual time spent is less 
than eight hours. If he makes more than 100 miles he is paid 
in proportion to the mileage. When he works over eight hours 
the overtime is paid at the rate of 150 percent of the regular 
hourly pay. 
2od 
The expenditure for road locomotive coal, vrhich is the 
greatest of the 116 items, can be estimated by the method describ-
ed in the preceding section. The item for water is very small 
compared with the other three items which vary with train load, 
and can be assumed to be proportional to the coal consumption. 
As an illustration of the new method let us consider 
that, as in the previous exa.mple, a Mikado locomotive is to be 
run on the division whose profile is as shown in :&,ig. 96a, and 
that the train load which will result in minimum ton-mile cost 
is to be determined. From the run curves in Fig. 96, the time 
during which coal is consumed at various rates for various train 
loads is found to be as shown in the following table. Knowing 
the rate of coal consumption and the time of firing for each ., 
stretch of the trac~. coal consumption on each stretch and also 
for each trip is easily caldul~ted. The results are shown in 
Table I. In this table, the actual coal consumption is assumed 
to be 115 percent of the coal consumed while running. The coal 
consumed for firing up and that used while on passing tracks is 
estimated to vary from 10 to 20 percent and 15 percent is regard-
ed as a probable average value. The time consumed in taking 
coal and water and on passing tracks is assumed to be 20 percent 
of the time the train is actually running. 
TABLE I. 
1000-Ton Train 1500-Ton Train 2000-Ton Train 2500-Ton 3~001Ton Train ran 
Coal Coal Coal Coal Coal Coal Coal Coal Coal Coal Coal 
Stretch Con sump- Con sum- Con- Cons um- Con- Cons um- Con- Conaum- Con- Cone um- Con-
Run of tion ing sump- ing sump- ing sump- ing sump- ing sump-
Track p.er min. Time in tion Time in tion Time in tion Time in tion Time in tion 
lbs. Min. lb. Min. lb. Min. lb. Min. lb. Min. lb. 
A Aa. , 66.7 17.2 1148 20.2 1346 22.2 1480 24.6 1640 26.8 1788 
to a., at. 83.3 9.7 810 11.8 985 14.8 1235 19.8 1650 26.0 2170 
B a .,,B o6.7 8.3 554 9.6 640 ll. 3 754 12. l 806 13.8 920 
B Bb, 66.7 9.4 E:i27 10.9 728 12.2 815 13.7 914 14.9 995 
to b, b,.. 83.3 19. 8 1650 24.3 2028 30.6 2550 41. l 3425 56.0 46o5 
c b :a.C 66.7 8.1 540 9.4 027 11.0 733 11.8 787 13.6 906 {\__") 
c c 
to CD 83.3 40.7 3390 50.8 4240 64.3 5370 81.2 6760 12.2 10180 ~ 
D 
D Dd, 66.7 9.4 627 10.8 728 12.2 815 13.6 913 14.8 995 
to d, d2. 66.7 0.2 13 0.8 54 1.0 67 1.4 93 l. 5 100 
.!!; d:1-E 66.7 15.6 1040 18.4 1230 20.8 1365 21.4 1430 22.4 l4'.:1U 
J1: Ee, 66.7 2.0 133 2.2 163 2.6 173 2.8 18'10 3.0 200 
to e, F 66.7 15.7 1080 18.5 1230 20.5 1365 21. 5 1430 22.4 14~0 
F 
.li' 
to FG 66.7 33.2 1215 39.0 2600 43.3 2895 47.l 3140 50.7 3380 
G 
Coal for Running, lbs. per trip 12.,785 16.,589 19,617 23,174 29,279 
Actual coal Consumption, lbs. per trip 14,800 19.,050 22.,550 26.,600 33.,650 
Time for actual Running, minutes 213.3 250.2 288.5 334.0 409.6 
Actual Time on Road, hours, per trip 4.26 5.00 5.77 6.68 8.1~ 
Average Speed, m.p.h. 28.2 24.0 20.8 18.0 14.8 
Speed on Ruling Grade, m.p.h. 30.0 24.0 19.0 14.0 10.0 
2',v 
With these data, the values in Table II have been cal-
culated. Items 1 and 4 in Table II have been computed from the 
rates mentioned before. The train wages per trip for the trains 
with 1000, 1500, 2000, and 2500 tons are the same since the trips 
are made within eight hours. That for the 3000 ton train is 
greater because of overtime. The price of coal has been assumed 
to be $2.00 per ton. The cost of water is assumed to be 6.5% of 
the fuel cost. This cost can be more carefully estimated but it 
would not be profitable to spend much time in making a more ac-
', 
curete estimate since the influence of the cost for water on 
,,· 
this problem is very slight. 
TABLE II. 
Item 1000 1500 2000 2500 3000 
1. Road enginemen, per 
trip ••••••••• $12.-05 $12.05 $12.05 $12.05 $12.55 
2. Fuel for road lo-
comotives •••.• 14.80 19.05 22.55 26.60 33.65 
3. Water for road lo-
comotives 0.98 1.25 1.48 l.?5 2.22 
4. Road trainmen •••••• 14.50 
5. Total Cost per trip 
6. Thousand ton-miles 
per trip .•..•• 
?. Cost per lOOOton-
42.38 
120 
miles •.••.•.•• 0.353 
14.50 
46.85 
180 
o. 260 
14.50 
50.58 
240 
0.211 
14.50 
54.90 
300 
0.183 
15.10 
63.62 
360 
0.1'7? 
Item 5 gives the total cost of coal, water, and train wages per 
trip for trains of various tonnages. Item 6 has been obtained 
by simply multiplying the length of the division, 120 miles, 
2, I 1 
' 1. 
into the tonna.ge. Item ? , shows as the result of the computa-
tions the costs per 1000 ton-miles for various trains, whiclyare 
plotted against the train loads and shovm in Fig. 98. The dia.-
gram indicates that with the particular locomotive and the pro-
file used in our example, the traffic can be transported most 
economically or with minimum ton-mile cost when the locomotive 
is rated at 3000 tons. There is some indication on the curve 
that still heavier trains can be more economically operated; 
but this would not be true since the speed of a 3000 ton train 
on the ruling grade is 10 m.p.h. as shown in the Table I. The 
example has been solved on the assumption that the average car 
weight is 50 tons. In actual ratings proper correction should 
be made for trains with other average car weights. 
A comparison of the result of our example and that of 
Mr. Mott obtained from statistics covering a long period is 
interesting. As regards coal costs he arrived at the conclusion 
that the train load that gives an average speed of 22 m.p.h. is 
the most economical. We find that a speed between 18 and 20 is 
the best. This difference is slight and is due to the fact that 
the ruling grade in our example is 1/2 percent while in Mr. Mott's 
it is slightly lower. He found th9.t 100 percent train loading 
gave minimum ton-mile costs of coal, water, and train wages. It 
is not clear what he means by 11 :ioo percent loading", but if it 
means the tonnage which gives a speed of about 10 m.p.h. en rul-
ing grades, our result checks perfectly with his result, obtain-
ed from statistics of actual operation under similar conditions. 
·- + + 
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D. Selection of Locomotives for a Particular Service. 
In his paper read before the American Society of Meehan-
ical Engineers, Mr. Beyer says, "To make an intelligent_ selec-
tion of motive power for a railroad, it is necessary to study 
the effect which various types and sizes of locomotives will have 
on operating expenses and fixed charges."* In the days when 
there was insufficient data it was not possible to make a care-
ful investigation of this phase of the problem, but it has been 
the opinion of far-sighted engineers for some time that the in-
fluence of different types and designs of locomotives on operat-
ing expenses and capital investment should be carefully studied 
by all possible means before a definite type of locomotive is 
purchased or assigned to a particular duty on a certain division. 
The factors to be considered in a selection of motive 
power are numerous and every factor related to this problem 
which has any influence on successful train operation should be 
considered. Every type and design of locomotive has certain 
merits and demerits for a particular kind of service. It is not, 
therefore, difficult to select two or three prospective types 
for a contemplated duty. For instance, if the locom~tive is to 
haul heavy freight trains on a moderate grade division, only 
heavy consolidation, Mikado, or some Mallet type will answer; 
and after some consideration one of the types, sa.y Consolidation, 
\ 
will be decided upon. 
---------------------------------------------------------------
* O.S.Beyer, Jr~: "Factors in the selection of locomotives in 
relation to the economics of railv,ay operation". Tran. A.S.M.E. · 
vol. page 
This is a simple method. but it may not be the most sat-
isfactory method. for the reason that if for instance in the 
above case, the Mikado type were adopted instead of the Consol-
idation, it might give more satisfactory results in operation. 
and. perhaps the Mallet type would give still better results than 
the other two. The operating results of the three types in this 
particular case cannot be known until they are actually tried 
separately on the road for a considerable period of time, but 
can be estimated very closely by the method which is described 
in the following paragraphs. 
As has been stated; in a proper selection of locomotives, 
the merits and demerits of various types for a particular ser-
vice must be thoroughly understood. For instance: 
1. Large diameter of driving wheels. - Locomotives with large 
drivers produce high speed and low tractive effort, and are 
suitable, therefore, for passenger and fast freight trains. 
2. Small driving wheels. - Locomotives with small driving wheels 
generally produce high tractive effort and low speed, there-
fore they are suitable for freight and switching service. 
3. Four-wheel leading truck. - Locomotives with swiveling truck 
are more safely operated at high speed, and their adhesive 
tractive effort is relatively low. They are therefore suit-
able for high speed passenger tra.ins. 
4. Two-wheel leading truck. - Locomotives with a 2-wheel lead-
ing truck have higher adhesive tractive effort, but they are 
not safe for very high speed service. They are therefore 
suitable for freight train service. 
5. Locomotives without leading trucks have high adhesive trac-
tive effort, but are not safe for road service; they are, 
therefore suitable for switching service in yards. 
6. Two-wheel trailing trucks make it possible to build locomo-
tives with large fire-box and boiler. Such locomotives have 
high evaporative capacity and are therefore suitable for through 
trains in both passenger and freight service. 
7. Locomotives without tr13.iling truck on the contrary have low 
evaporative capacity, and are not suitable for through trains, 
although they can be used for this service with certain dis-
advantages. 
8. Locomotives having a high percentage of their total weight on 
the drivers have high adhesive tractive effort. 
9. Locomotives with large number of driving wheels or long rigid 
wheel base are not suitable for sharp curves. 
10. Locomotives v,i th large cylinders are capable of producing 
high rates of acceleration but low maximum velocity. 
11. Locomotives with large boilers are capable of producing re-
latively low rates of acceleration but high maximum velocity. 
12. Boiler pressures between 190 and 210 lbs. per sq. in. for 
locomotives using saturated steam and 170 to 200 lbs. per sq. 
in. for locomotives using superheated steam are found to be 
economical and practical. 
13. Superheaters reduce fuel Etnd water consumption from 10 to 20 
percent and are highly recommended for through train service. 
14. Mechanical stokers inerease the capacity of locomotives and 
in a certain sense reduce the expense for the train crew. 
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15. Brick arches improve combustion of long flame coals and 
show an economy of about 5 percent. 
16. Combustion chambers a.nd au toma tic fire-doors, etc. have 
c er ta.in merits. 
With definite knowledge of the items outlined above and 
numerous other details, a. table like the following may be pro-
duced. From this table two or three types of locomotives can be 
selected for further comp~rative investigation for a particular 
service. 
Let us suppose as an example, that the profile of the 
division to which the locomotives under consideration are to be 
assigned is as shown in Fig. 69a, and that after a careful con-
sideration three prospective types, viz: a heavy consolidation, 
a 15:ikado, and a certain Mallet, whose speed-pull relations c1,re 
as shown in Fig. 101, a.re selected for further consideration. 
The next step, then, is to study the effect of each of the three 
types on operating expenses. In this problem, unlike the tonnage 
rating proble~ there is a radical difference in the weight of 
locomotives, train loads, etc., and consequently, many items of 
operating expense are affected. Not only the operating expense 
but also additional capital investment may be necessary. For 
instance, if a Mallet type is finally adopted it may be necessary 
to rebuild bridges, to increase the length of yard tracks and 
passing siding's, to remodel repair shops and equip them with 
l::,.rger tools suitable for economical maintenance of the Ivi:allet, 
etc. Assuming that the fixed charges e.nd taxes on the invest-
ment are correctly estimated, and thqt track facilities and 
equipment are adequate for safe operation of any locomotives, 
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we will consider the effect of trains with the different types 
of locomotives on the following four items: 
Item 80. 
Item 82. 
Item 83. 
Item 88. 
Road enginemen •..••.••.. 
Fuel for road locomotives 
Water for road locomotives 
Road trainmen •..•.•.••.• 
5.94?.% 
9.423% 
0.61?% 
6.415% 
In order to estimate the expense of fuel, water, and 
train wages, which are the governing factors of total operating· 
expense in our particular problem, the run curves, which are 
shown in Fig. 100 were produced as in the proble~ of the preced-
ing section, assuming that the most economical train load for 
each type of locomotive is one which gives a minimum speed of 
10 m.p.h. on the ruling grade.~ From these curves the running 
time for each locomotive is found as shown in Item 2, Table I. 
TAJ3LE I. 
Consolidation Mikado Mallet 
1. Train load behind the 
tender, tons 2350 3000 4600 
2. Running time, minutes: 
From A to B, 69.8 66.8 ?O. 4 
B to C, 86.6 84.8 8?. 2 
c to D, 122.l 122.1 122.l 
D to E, 46.9 45.3 48.3 
E to F, 40.6 39.6 42.2 
F to G. 54.1 51. 0 56.4 
Total from A to G 420.l 409.6 426.6 
3. Time on the roa.d per 
trip, Hours 8.40 8.19 8.53 
4. Train wages, $28.42 $2?.65 $35.98 
---------------------------------------------------------------
* In an actual proble:qi this point must be carefully investigat-
ed by the method described in the preceding section. To avoid 
repetition here it is simply assumed that the train loa.d which 
will give a minimum speed of 10 m.p.h. on the ruling grade is 
the most economical tonnage. 
The time on the road given in Item 3 on the table is a,ssumed to 
be 120 percent of the time required in actual runnin~. The 
train wages in Item 4 are calculated fro ·:i the values in Item 3 
and the following rate: 
Consolidation Mikado Mallet 
Engineer l tP 64. oat 1 ~ 64.25.¢' 1 @ ?5. 00.¢' 
Firemrui 1 el 36. 00,i l @ 36. 25,i 2 @ 36.25,i 
Conductor 1 ~ 52.75,i 1 <iJ 52.? 5/, 1 ~ 52.?5,i 
Flagman 1 @ 34. 751' 1 @ 34. ?5,e 1 @ 34. ?5,e 
Brakeman 1 ~ 34.? 5,! l @ 34. ?5.¢' 1 @ 34. ?5,! 
From the run curves in Fig. 100 the time during which 
the locomotives consume coal for actual running is found as shown 
in columns 3, 6 and 9, Table II. The values in columns 4, 7 and 
10 are the rates of coal consu.~ption per minute in pounds.* The 
values in columns 5, 8, and 11, are obtained by simply multiply-
ing the values in colurnns 3 and 4, 6 and?, and 9 and 10 respec-
tively. Item 2, at the bottom of Table II is the summ~tion of 
the values in columns 5, 9 and 11. Item 3 is obtained by assum-
ing that the total coal consumption per trip is 115 percent of 
the coal used for actual runnin.;;. Item 4 is computed from the 
values in Item 3 assuming that the price of coal is $2.00 per 
ton on the tender. Item 5, the cost of water per trip, is ob-
tained by the assumption that it is 6.5 percent of the cost for 
fuel. 
* The run curves in Fig. 100 have been produced under the follow-
ing condition of coal consumption: 
Coal Consumption, pounds per hour. 
Consolidation Mikado Mallet 
On up-grades 4500 5000 10000 
On level 3500 4000 8000 
On down-grades (until it 3500 4000 8000 
reaches 40 m •• h. 
~~~~~~~~~~~~~~~~~~~~~ 
TABLE II. 
CONSOLIDATION MIKADO MALLET 
Time Time Time 
during Coal Total during Coal Total during Coal Total 
which Con- Coal which Con- Coal which Con- Coal 
coal is sump- Con- coal is sump- Con- coal is sump- Con-
consumed tion sump- consumed tion sump- consumed tion sump-
, for 
~er tion for per tion for per tion 
running. in. running. Min. running. Min. 
Min. Lb. Lb. Min. Lb~ Lb. Min. Lb. Lb. 
l 2 3 4 5 6 7 8 9 10 ll 
Aa., 27.9 58.3 1615 26.8 66.7 1788 28.6 133 3805 
AB a,, &.z. 28.4 75.0 2130 26.0 83.3 2170 28.0 167 4670 
a.~B 13.7 58.3 800 13.8 66.7 920 13.9 133 1850 
Bb, 15.0 58.3 874 14.9 66.7 995 15.2 133 2020 N 
BC b, b :z. 68.0 75.0 4350 56.0 83.3 4665 58. 167 9660 J -.. 
b~ c 13.5 58.3 788 13.6 66.7 906 13.9 133 1850 c,,., 
CD CD 122.0 75.0 9150 122.0 83.3 10,180 122.0 167 20,350 
Dd, 14.9 58.3 868 14.8 66.7 995 152. 133 2023 
DE d , d ... 4.2 59.3· 245 1.5 66.7 100 6.6 133 880 
d ,. E 27.4 58.3 1595 22.4 66.7 1490 26.4 133 3520 
,l!;e, 6.5 58.3 379 3.0 66.7 200 8.4 133 1120 
,l!;F e, F 23. 4 58.3 1363 22.4 66.7 1490 25.0 133 3330 
FG FG 53.9 58.3 314:0 40.7 66.7 3380 56.4 133 7500 
2. Coal consumption for running, lbs. 
27,297 29,279 62,578 
3. A.otual coal consumption 
lbs. per trip, lb. 31,400 33,650 72,000 
4. Cost of coal per trip 
5. Cost of water per trip 
From the values in items 1 and 4, Table I, and items 4 
and 5, Table II, the values in the following table are obtained. 
TABLE III. 
Consolidation Mikado Mallet 
1. Train wages per trip $28.32 $27.65 $35.98 
2. Cost of fuel and water per trip 33.40 35.89 '7 6. 50 
3. Cost of fuel, water and train wages 
per trip 61.?2 63.52 112.48 
4. 1000-ton-miles per trip 282 360 552 
5. Cost of fuel, water, and train 
wages per 1000 ton-miles 0.219 0.1'7? 0.202 
From the result obtained in this table it is clear that, 
in this example, the Mikado type requires the least expense for . • 
fuel, water, and train wages per ton-mile. As mentioned before, 
there are some other items of operating expense which are more 
or less affected by the operation of different types of locomo-
tives, but the effect of their variation is not large enough to 
alter the result attained by studying the cost of fuel, water, 
and train wages. Therefore, it may be said that the least aper-
ating expense will be secured by the adoption of the Mikado type. 
The next and fina.l step in a proper selection of locomo-
tives is to find out what amount of capital investment must be 
made for the necessary change in equip~ent, structures, track, 
etc. wben the amount of annual fixed charge is estima ted and 
the total ton-mileage per year to be made over the division is 
known, the fixed charge per ton-mile can be readily ~omputed. 
Adding the fixed charge per ton-mile thus computed for each of 
2f'55 
the three types, to the cost of fuel, water, and train wages 
found above, we can readily find which of the three types of 
locomotives will make a unit transportation at minimum expense 
or at maximum economy, which leads to the final decision. 
E. Railway Location and Relocation Problems. 
It is needless to state here what influence gradient, 
distance, rise-and-fall, and curvature have on the economical 
operation of railroads. The enormous amount of capital that has 
been expended in this country in recent years on grade reductions, 
elimination of distance, etc., is conclusive evidence that such 
* work brings about economies in oper3,tion. Mechanically speaking, 
however, grade reduction is unnecessary work because any amount 
of traffic can be transported over any ordinary grade without 
reduction if sufficient motive power is available. But it is 
reduction in 
not a problem in mecha.nics. If theAannual expenses for r:1otive 
power is less than the annual interest on the expenditure for 
grade reduction, it is unwise to reduce the grade. If, however, 
the final expense for a unit transportation can be lowered by 
grade reduction, it would benefit the railroad and the public as 
well to make this reduction. Whether a particular grade reduction 
for instance, is a profitable undertaking or not, can not be de-
termined unless a careful detailed study of the proposition is ma 
------------------------------------------------------------------
* "The Nicholson relocation of the Lackawanna Railroad", Eng. 
Record, vol. 67, page 461. (:J-913). 
"A railroad through Great Salt Lake", Railway Age, March 15, 
1901, page 208. 
''The railroad through Salt Lake", Railway Age, Aug. 15, 1902, 
page 161. 
Several methods for the investigation of such problems 
have been described by several prominent engineers and writers.* 
They differ in details but the fundamental principles are the 
same. 
The solution of a grade reduction problem is essentially 
an estimation of the reduction in the number of trains per year 
or the train-mileage, and the consequent saving in operating ex-
pense s, from which a justifiable amount of capital expenditure 
for the reduction of the grade may be estimated. As we have 
seen in the foregoing sections, the speed curves are a very ef-
fective means for the determination of ton-mileages, train-mile-
ages and an estimation of the cost of fuel, water, and train 
wages. ihese are very important items in problems of grade 
reduction. 
The determination of train-mileage by means of speed 
curves, is e::i,sy and the result is accurate. It may not be nee-
cessary to repeat here the description of the method.· 
It may be pointed out here that ac~ording to the es-
timation of A. M. Wellington*f 47.8 percent of the operating 
cost is affected by train-mileage and about 21. percent of this 
---------------------------------------------------------------
* J. B. Berry: HReduction of gradient, and elemination of dis-
tance, curvature, and rise and fall on Union Pacific Railroad", 
Proc. Am. Ry. E. & M.W.A., vol. 5, p. 689-719, 1905. 
A. K. Shurtleff: "Time as an element in considering grade re-
duction", Proc. A.R.E. & M.W.A., vol. 9, p. 775-798, 1909. 
C. P. Howard: "Grade Reduction Problems", Bull. Am. Ry. Eng. 
Assoc., No. 138, August 1913. 
** A. M. Wellington: "Economic Theory of Railway Location", 
page 571. 
47.8 percent is due to the cost of fuel, water and train wages. 
A similar estimation by Mr. Ray* shows that 33.67 percent of the 
annual operating expenses varies directly with train-mileage and 
that 22.73 percent of this 33.67 percent is due to the cost of 
fuel, water and train wages. These estimations indicate clearly 
the importance of these items in the study of grade reduction 
problems. As we have seen, the cost of fuel, water, and train 
wages per ton-mile or per train-mile can be accurately estimated 
by means of speed curves. When this cost is accurately deter-
mined, the percent~ge of operating expense which is affected by 
train-mileage can be more accurately ascertained. 
---------------------------------------------------------------
* G.J .Ray: "Relocation of a portion of the Delaware, Lackawanna 
and Western Railroad main line", a thesis for C.E., University 
of Illinois, 1910. 
APPENDIX. 
TABLE I-A. 
Drawbar Pull behind Tender of Freight Locomotives using 
Superheated Steam. 
Speed Lls Lls* H9s "H8sb" H8sb H6sb 
m. .h. 
o.o 61,400 59,100 49,500 51,500 45,? 50 41, 250 · 
2.5 61,400 59,100 49,200 51,500 44,200 20,500 
5.0 61, 400 59,100 48,250 51,500 43,600 39,300 
7.5 61,200 58,800 46,700 50,000 42,750 3?,300 
10.0 59,000 57,500 47,600 46,000 40,300 34,300 
12.5 56,000 55,300 41,800 41,200 36,800 30, 700·, 
15.0 52,520 52,500 38,200 37,600 33,400 27,300 
17.5 48,750 49,200 34,750 34,200 30,200 24,400 
20.0 45,300 45,500 31,400 30,600 2?,400 21,800 
25.0 38,000 38,000 25,400 24,600 22,400 17,500 
30.0 32,400 32,300 20,000 
35.0 27,800 16,500 
Lls Pennsylvania Railroad Co. Test Dept. Bulletin 26, p. 36 
Lls* - Penn. Railroad Co. Test Dept. Bulletin 28, p. 79. 
H9.s Penn. Railroad.Co. Test Dept. Bulletin 26, p. 36. 
"H8sb"- Penn. Railroad Co. Test Dept. Bulletin 10, p. 93. 
H8sb 
- Penn. Railroad Co. Test Dept. Bulletin 26, p. 36. 
H6sb 
- Penn. Railroad Co. Test Dept. Bulletin 26, p. 36. 
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TABLE I-B. 
Drawbar Pull behind Tender of Passenger Locomotives using 
Superheated Steam. 
Speed K4s K29e K2sa E6e-51 E6e-89 E3sd 
m. .h. 
o.o 45,500 44,800 . 33,400 31,000 28,100 28,100 
5. 45,500 44,700 33,400 31,000 28,100 27,100 
10. 45,500 43,000 28,900 31,000 27.600 25,200 
15. 45.300 38,700 27,800 30, 700 26,500 23,200 
20. 43,800 34,400 26,600 29,800 25,000 21,200 
25. 38,000 30,200 25,300 27,800 22,700 19,200 
30. 33,700 26,400 23,800 24,300 20,300 17,500 
35. 30,200 23,000 21,800 21,800 18,300 15,800 
40. 27,400 20,200 19,600 20,000 16,500 14,300 
50. 22,600 16,200 16,200 16,500 14,000 11,400 
60. 18,500 13,200 13,500 13,700 12,000 9,000 
70. 14, 700 10,600 11,500 11,200 10,200 7,200 
80. 11,000 8,200 9,600 9,000 8,400 
85. 9,200 7,000 8,800 7,950 7,600 
K4e 
- Penn. R.R. co. Test Department Bulletin 29, p. 70 
K29e 
-
II 
" 
II 
" " " 
19, p. 120 
K2sa - II " 
fl It ti 
" 
18, p. 122 
E6a-51 
- Pa. R.R. Co. Test Department Bulletin 27, p. 78 
E6s-89 
-
II 
" 
II II II II 21, p. 134 
E3ad - II 
" 
II .. II 
" 
11, p. 106 
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TABLE I-C. 
Drawbar Pull behind Tender of Freight Locomotives using 
Saturated Steam. 
Speed H8b H6b H3 
m.p.h. 
Q.O 45,750 41,250 23,800 
2.5 43,?00 40,500 23,300 
5.0 42,800 38,600 22,500 
?.5 40,300 35,400 21,150 
10.0 37,300 31,100 19,150 
12.5 33,200 27,000 16,800 
15.0 30,000 23,400 14,600 
17.5 26,?00 20,300 12,500 
20.0 24,000 17,750 
22.5 19,200 13,400 
25.0 10,000 
30.0 
35.0 
H8b - Pa. RR.Co. Test Dept. Bulletin 26, p. 36 
H6b - " If .. " 
II II 26, p. 36 
H3 II II II fl 
" " 
26, p. 36 
TABLE I-D. 
Drawbar Pull behind Tender of Passenger Locomotives 
using Saturated Steam. 
Speed K2 E6 E2d 
m. • h. 
0 33,400 28,100 24,300 
5 33,400 28,100 24,300 
10 33,100 27,200 24,400 
15 31,200 25,200 21,400 
20 28,000 23,000 18,900 
25 24,800 20,600 16,600 
30 22,000 18,500 14,500 
35 19,360 16,400 12,600 
40 17,000 14,300 10,900 
50 10,400 8,400 
60 
70 
80 
85 
K2 - Pa. R.R. co. Teat Dept. Bulletin 18, p. 122 
E6 n n ff 
E2d - " " 
.. 
ff 
" 
" " 
.. 
.. 
21, p. 138 
11, p. 109 
TABLE II-A. 
Data of the Diagrams in Figs. 27 & 29. 
Lls H9s or H8sb H6sb 
"H8sb" 
l. Boiler Pres. lb/sq. in. 205 205 205 205 
2. Stroke, in l 30 28 28 28 
3. Diameter of cylinder, d 27 25 24 22 
4. Dia. of Drivers, in. D 62 62 62 56 
5.Speed in m.p.h. of 1000 
f.p.m. Piston Speed 36. 9 39.5 39.5 35.7 
6.To = pld2/D 72,300 57,800 53,400 49,500 
? • • 85To = Tao 61,450 49,100 45,100 42,100 
8 • • 8To = Tx 57,900 46,250 42,650 39,500 
9.* Tbo 89,000 68,000 60,500 54,000 
10. Tbo/To 1.24 1.175 1.135 1.09 
11. dl 810 700 672 611 
12.* Tbooo 25,200 14,000 
13. Tbooo/Tbo .2815 .206 
14.** Eq. Evap. lb/hr. ,E 76,000 45,000 
15. Pl2d2 in 1,000,000 134.2 100.0 
16. Pl2d2/E in· 1,000 1.77 2.22 
Note:- To is the "Theoretical cylinder tractive effort", pld2/D; 
Tbo is the "Theoretical boiler drawbar pull at zero speed; 
and Tbooo d.rawbar pull at 1000 f .p.m. piston speed, See Fig. 26. 
* The values of Tbo and Tbooo are taken from the diagrams in Figs. 
9 - 18. 
** The values of E are taken from Tables III-A and III-B. 
TABLE II-A (continued). 
Data of the Diagram.a in Figs. 2? & 29. 
Item K4s K29 K2sa E6s-51 E6s-89 E3sd 
l. 205 200 205 205 205 205 
2. 28 28 26 26 26 26 
3. 27 27 24 23* 22 22 
4. 80 80 80 80 80 80 
5. 51.08 55.0 55.0 55.0 55.0 
6. 52,300 51,000 38,400 36,800 32,200 32,200 
7. 44,450 43,350 32,640 31, 300 27,400 2?,400 
8. 41,800 40,800 30,703 29,450 25,800 25,800 
9. 63,000 60,500 42,000 40,500 34,500 34,000 
10. 1.200 1.187 1.095 1.10 1.071 1.055 
11. 755 755 625 610 570 570 
12. 22,000 16,500 15,300 14,?00 12,800 10,100 
13. .349 .273 .365 .362 • 372 • 315 
14. 84,000 66,000 63,500 57,500 53,000 44,000 
15. 117.0 114.1 79.8 76.3 66.9 66.9 
16. 1.395 1.78 1.258 1.33 1.26 1.52 
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TABLE II-B. 
Data of the Diagrams in Figs. 28, 30, and 31. 
H8b H6b H3 K2 E6 E2d 
l. Boiler Press. lb. per 
sq. in. 205 205 140 205 205 205 
2. Stroke, in. 1 28 28 24 26 26 26 
3. Diameter of cylinder 24 22 20 24 22 20i 
in. d 
4. Diameter drivers, in.D 62 56 50 80 80 80 
5. Speed in m.p.h. of 1000 
f.~.m. piston speed 39.5 35.7 37.2 55.0 55.0 55.0 
6. pld /D = To 53400 49500 26900 38350 32200 28000 
7. Tao= .85To 45100 42100 23870 32600 27350 23700 
8. Tx = .8To 42650 39550 21500 30600 25?50 22400 
9.* Tbo 58000 55500 33000 43000 37500 33000 
:io. Tbo/To 1.087 1.123 1.225 1.122 1.165 1.185 
11. dl 672 611 480 625 371 533 
12.* Tbooo 10300 7200 11800 10000 7300 
·13. Tbooo/Tbo 0.178 0.130 0.274 0.264 0.224 
14.** Equiv. Evap. 
l~. per hr., E 48500 35600 65000 53000 41500 
15. Pl2d2/E in 1000 1.89 2.18 1.215 1.263 1.40 
16. Pd /E 2.415 2.78 1.80 1.87 2.07 
* The values of Tbo and Tbooo are taken from the diagram in 
Figure 19 to 24 inclusive. 
** The v a lues of E a re taken from Tables III-A and III-B. 
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TABLE III-A. 
Data of the Item 14 of the Tables II-A and II-B. 
Equiv. Equiv. 
Speed, Evap. Drawbar Drawbar Evap. lb. 
Loco- Test miles lb. Pull Pull corrected' 
mo- Test Designa- per per hr. lb. lb. for Draw-
+. 
..,1 ve. No. tion hour. Observ- Observ- on bar Pull 
ed. ed. Curve on Curve. 
* Lls 3969 100-80-F 17.9 74,669 47,471 48,600 76,800 
3931 120-75-F 22.0 75,988 42,151 42,151 75,988 
3930 140-70-F 25.6 77,01? 37,036 37,036 ??,01? 
392? 160-65-F 29.:3 ?6,461 32,87? 32,8?? ?6,461 
3928 1?0-60-F 31.1 ?2,940 30,34? 31,200 75,000 
Average 76,000 
** 
"H8sb" 3247 40-88-F ?.19 39,050 49,872 50,300 39,400 
or 3244 60-86-F 10.78 44,456 44,284 44,000 44,500 
H9s 3241 80-63-F 14.44 45,256 37,502 39,000 4?,100 
3217 120-50-F 21.56 43,306 37,184 28,750 46,100 
3235 160-40-F 28.?5 43,086 19,924 20,800 45,100 
3224 170-35-F 30.50 40,581 l?,835 19,500 45,100 
Average 45,000 
H8b# 17.97 44,826 24,620 26,240 48,500 
21.56 46,100 21,408 22,400 48,500 
Average 48,500 
Hob## 16. 71 37,213 23,085 21,500 35,600 
Average 35,600 
* Mikado type locomotive, Pa. R.R.Co. Test. Dept. Bulletin 28, 
page 41, 72. 
** Consolidation locomotive, Pa. R.R.Co. Test Dept. Bulletin 10, 
page 38, 89. 
# Consolidatiop locomotive, Pa. R.R.Co. Test Dept. Bulletin 10, 
page 125, 129; Bulletin 26, page 36. 
## Consolidation locomotive, Pa. R.R. Co. Test Dept. Bulletin 12, 
page 23; Bulletin 26, page 36. 
H8sb, H6sb, and H3, Consolidation locomotives. No data av~ilable 
for equivalent evaporation corresponding to the speed-
pull curves. 
,. I 
TABLE III-B. 
Data of the Item 14 of the Tables II-A and II-B. 
Loco-
mo-
tive, 
K4s* 
Test 
No. 
4068 
4062 
4054 
4025 
4049 
4069 
2460 
2448 
2440 
2445 
2451 
K2sa# 3029 
3017 
3020 
3015 
3022 
3030 
E6s-5JI 3849 
3848 
3810 
3811 
3838 
Test 
Designa-
tion 
120-75-F 
160-?0-F 
200-54-F 
240-55-F 
280-50-F 
320-45-F 
180-45-F 
240-45-F 
280-35-F 
320-35-F 
360-25-F 
160-50-F 
200-50-F 
240-50-F 
280-35-F 
320-30-F 
360-30-F 
160-50-F 
200-50-F 
240-45-F 
280-40-F 
320-35-F 
Speed, 
miles 
per 
hour. 
28.38 
37.84 
47.30 
56. 76 
66.22 
75.34 
42.66 
56.86 
66.25 
76. 71 
85.32 
37.31 
46.52 
55.82 
65.13 
74.43 
82.74 
3?. 5 
46.9 
56.4 
65.8 
75.0 
Equiv. 
Evap. 
lb. 
per hr. 
Observ-
ed. 
75,388 
83,882 
87,414 
81,589 
80,235 
77,027 
64,204 
72,229 
62,250 
65,088 
66,18? 
53,?26 
62,702 
64,711 
54,100 
54,665 
58, 795 
52,?ll 
58,611 
55,231 
52,659 
55,561 
Drawbar 
Pull 
lb. 
Observ-
ed. 
33,173 
28,500 
23,900 
18,200 
15, ?34 
12,4?8 
18,876 
12,855 
10,?94 
9,136 
6,146 
18,805 
16,843 
13,9?8 
11,192 
9,123 
?,535 
19,410 
17,293 
13,691 
11,695 
10,129 
Drawbar 
Pull 
lb. 
on 
Curve 
35,000 
28,500 
23,900 
20,000 
16,100 
12,478 
Average 
18,900 
14,100 
11,500 
65,088 
7,100 
Average 
21,000 
l?,200 
14,500 
12,500 
10,600 
9,000 
Average 
20,800 
17,293 
14,700 
12,350 
10,129 
Average 
Equiv. 
Evap. lb. 
corrected 
for Draw-
bar Pull 
on Curve 
?9,600 
83,882 
87,414 
89,?00 
82,000 
77,027 
84,000 
64,204 
79,300 
66,300 
65,088 
77,600 
66,000 
60,000 
63,700 
66,000 
60,500 
63,600 
70,400 
63,500 
56,600 
58,611 
59,200 
55,700 
55,561 
57,500 
--------·----------------------------------------------------------
* Pacific Type, Pa. R.R. Co. Test Dept. Bulletin No. 29, p. 34 
and 69. 
** Pacific Type, Pa. R.R. Co. Test Dept. Bulletin 19, p. 42, 121. 
# Pacific Type, Pa. R.R. Co. Test Dept. Bulletin 18, p. 44, 124. 
,I Atlantic Type,· Pa. R.R.Co. Test Dept. Bulletin 27, p. 35, 71. 
TABLE III-B (continued) 
Data of the Item 14 of the Tables II-A and II-B. 
Equiv. Equiv. 
Speed, Evap. Drawbar Drawbar Evap. lb. 
Loco- Test miles lb. Pull Pull corrected 
mo- Test Designa- per per hr. lb. lb. for Draw-
tive. No. tion hour. Observ- Observ- on bar :pull 
ed. ed Curve on Curve 
E6s-89* 2808 160-50-F 37.7 48,99? l?,013 l?,013 48,991 
2809 200-50-F 47.1 51,095 14,685 14,685 51,095 
2825 240-38-F 56.5 49,433 10,614 12,400 5?,600 
2820 280-35-F 65.7 51,963 10,231 11,000 35, ?00 
2823 320-25-F 75.0 46,863 7,356 8,700 55,400 
2839 360-30-F 84.4 51,241 7,686 7,?00 51,241 
Average 53,000 
· E3sd** 3133 160-50-F 37.34 41,080 15,114 15,114 41,080 
3124 200-45-F 46.68 44,275 12,357 12,357 44,275 
3139 240-45-F 56.02 46,078 10,536 10,506 46,078 
3125 280-35-F 65.35 42,502 8,034 9,100 42,900 
3142 360-25-F 84.00 37,549 5, 6?6 7,500 49,500 
Average 44,000 
K2 # 2307 180-40-F 42.0 64,995 17,500 17,500 65,000 
Average 65,000 
E6 ,I 2004 220-30-F 52.4 52,804 9,437 9,437 52,804 
2005 240-30-F 57.2 61,010 7,612 7,800 53,000 
Average 53,000 
E2d II 1120 160-32-F 37.19 39,000 11,674 11,800 39,400 
1117 200-30-F 46.52 40,800 8, 700 9,200 43,200 
Average 41,500 
--------------------------------------------------~----------------
* Atlantic Type, Pa. R.R. Co. Test Dept. Bulletin 21, p. 34, 41. 
** 
Atlantic Type: Pa. R.R. Co. Test Dept. Bulletin 11, p. 40, 9?. 
# Pacific Type, Pa. R.R. co. Test Dept. Bulletin 18, p. 148, 152. 
I Atlantic Type, _ Pa. R.R. Co. Test Dept. Bulletin 21, p. 157, 161. 
¢,I Atlantic Type, Pa. R.R. Co. Test Dept. Bulletin 11, p. 139, 140. 
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TABLE IV-A 
u.s. Geological survey Fuel Tests. 
(U.S.G.S. Professional Paper 48, Part II, p. 946) 
Average Average 
Na.me of State Number of Thermal Value Equiv. Evap. per 
where coals Tests per lb. of lb. Dry Coal, 
were mined. Made Dry Coal, lbs. 
B.t.u. 
Alabama. 3 12,865 8.60 
Arkansas 9 13, 725 8.97 
Colorado l 12,577 7.21 
Illinois 6 12,293 7.55 
Indiana 3 13,155 8.40 
Indian Territory 4 12,820 8.19 
Iowa 6 11,800 7.23 
Kansas 8 12,983 8.23 
Kentucky 5 13,296 8.35 
Missouri 8 12,169 7.60 
New Mexico 3 12,093 7.00 
North Dakota 1 10,402 5.40 
Pennsylvania 4 14,298 9.17 
Texas 1 10,886 4.69 
West Virginia. 14 14,466 9.72 
Wyoming 2 11,607 6.46 
30u 
TABLE IV-B. 
Data from Bement's Fuel Test. 
(Proc. Western Railway Club, vol. 21, 1908-1909, p. 22?). 
Percent 
of 
Ashes 
0 
10 
20 
30 
35 
40 
Efficiency 
of 
Boiler 
percent 
64 
60 
53.5 
43 
30 
0 
'!'hermal Value 
of Mixture 
B.t".u. 
13,000 
l?,?00 
10,400 
9,100 
8,450 
7,800 
Equiv. Evap. 
per Pound 
of Mixture 
lb. 
a. :n 
7.01 
5.55 
3.91 
2.53 
0 
Note: The calorific value of No. 4 coal from Williamson 
County, Illinois, is 12,500 B.t.u. in average, and 
No. 4 washed coal, which Bement used, is assumed to 
have had 13,009 B.t.u., although definite data is not 
available. It is also assumed that the ashes mixed had 
no combustible in it. 
3u1 
TABLE IV-C. 
Data from Meier's Fuel Test. 
(Kent's Mechanical Engineers' Pocket Book, 190? ed. p. 688.) 
Coal 
Cwnberland 
Semi-bi turn. 
Second Pool 
Younghiogheny 
Younghiogheny 
Turkey Hill, 
Ill. 
Carbon Hill 
Wash. 
Hocking Valley 
Ohio 
Gillespie 
Lump, Ill. 
Collinsville 
Ill. 
Equiv. Evap. 
per lb. of 
coa.l 
lb. 
10.91 
9.94 
10.51 
?.31 
7.59 
8.33 
7.36 
?.81 
Calorific 
Value of 
Fuel 
13,800 
12,936 
12,936 
10,487 
11,785 
11, 610 
9,739 
10,359 
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TABLE V. 
Data of the Diagrams in Figs. 36 & 37. 
Item Lls K4s K29 "H8sb" or K_9s 
Heating surfaces. sq. ft.:-
1. Firebox, including arch tubes 301.5 207.0 233. 190. 
2. Tubes, (water side) 3716. 3729. 2733. 2840. 
3. Superheater 1172. 1172. 1302. 809. 
4. Total heating surface. sq.ft. 
5. Adjusted heating surface 1162. 1170. 1192. 839. 
6. Grate area, aq. ft. 70. 69.3 58. 55.3 
7. Thermal value of dry coal 
fired, B.t.u. per lb. 14,40 14467 14427 14140 
8. Coal factor, f .964 .9967 .9927 • 964 
9. Equivalent Evaporation per lb. 
dry coal at the firing rate 
of 5000 lb. dry coal per hn, E 9.85 10.75 9.70 e.oo 
10. E corrected to 14500 B. t.u. 
coal= E/f 10.22 10.8 9. 78 8.30 
11. Equiv. evap. per lb. dry coal 
of the rate of combustion, 
50 lb. per sq. ft. of grate 
area= E (50) 10.65 11.55 10.66 10 . 18 
12. Equiv. eva.p. per lb. dry coal 
of the rate of combustion, 
100 lb.per sq. ft. of grate 
area= E(lOO) 8.95 9.78 8.45 7.52 
13. Change in equiv. evap. per lb. 
dry coal, per 1 lb. per sq. 
ft. of grate combustion rate 
=[E(50)-E{100)] /50 .034 .0354 .0442 .0532 
14. Item (13) corre'cted to 14500 
B.t.u. coal 
3v 7 
TABLE V (continued). 
Data of the Diagrar.as in Figs. 36 & 37. 
Item H8b K2sa K2sa K2 E6s No. 877 No. 7166 No. 51 
1. 188.34 208. 213.4 211.5 232.7 
2. 3674.0 3436 3457 4439 2625 
3. 0 989 989 0 811 
4. 3862.3 
5. 923.14 944 1031 1099 842 
6. 53.9 53.2 55.4 55.8 
7. 13369 14530 14530 14530 14470 
8. .887 1.0 1.0 1.0 .993 
9. 8.05 9.90 9.25 10.27 9.65 
10. 9.09 9.90 9.25 10.27 9.66 
11. 10.2 11.65 10.80 12.0 11.66 
12. 7.9 9.59 8.98 10.02 9.11 
13. 0.46 .0412 .0364 .0396 • 0570 
3v 8 
TABLE V {concluded). 
Data of the Diagrams in Figs. 36 & 37. 
Item E6s E6 E3ed E2d E2a No. 89 
1. 254.5 245.9 1?9.5 162.5 156.9 
2. 2405 33?3 1836 2484 2471 
3. 689 0 561.0 0 0 
4. 
5. 804 919 603 659 651 
6. 55.2 54.? 54.? 55.3 55.5 
7. 14470 14490 14390 14390 15150 
8. .993 .999 .981 .981 1.0 
9. 8.92 9.40 a.oo 8.15 8.20 
10. 9.00 9.40 8.15 8.30 8.20 
11. 10.90 11.45 10.30 10.73 9.40 
12. 8.42 8.93 7.49 7.58 6.35 
13. .0496 .0524 .0562 .0632 .0610 
VITA. 
The writer, SENTARO SEKINE, was born at Miyauchi, Japan, 
1888. He received his early education at Kodama. He entered in 
1902 the Ivrakura Railway School, where he had instruction in rail-
way civil engineering and graduated with honor in 1905. After 
graduation he served for two ye~rs as junior engineer with the 
Keifu Railway Company. In 1907 he came to the United States, and 
after working for a short time a.a a track laborer on the Great 
Northern Railway, he entered the Columbia School at Seattle, Wash. 
in order to learn English. In 1908 he was admitted to the College 
of Applied Science at the University of Iowa, vrhere he pursued. for 
one year the course in civil engineering. In 1909 he entered the 
University of Illinois where in 1913 he received the degree of B.S. 
in Mechanical Engineering, and in 1914 the degree of A.B. He was 
admitted to the Graduate School of the University of Illinois in 
1914 where, under the general direction of Professor Edward C. 
Schmidt, he has studied railway engineering, taking work in this 
field under Professor Schmidt, Dr. W.F.M.Goss, Professor J.M. 
Snodgrass, Professor A. M. Buck, and Mr. A. F. Comstock. He has 
also done work in mechanics under Professor A. N. Talbot, in me-
chanical engineering under Professor G. A. Goodenough, and in tr~ 
portation under Professor E. R. Dewsnup. During the summer of 
1914 he worked in the Chicago shops of the Chicago and Northwestern 
\ 
Railway. In 1911, there were issued to him United States Letters 
Patent #99165?. In Bulletin No. 90 of the Engineering Experiment 
Station, University of Illinois, and in an article on "A New 
:Method for Determining Railway :Motor Speeds with Varying Voltage", 
in the Electric Railway Journal for September 18, 1915, both 
written by Professor A. M. Buck, the writer is credited with 
some of the processes there set forth. 
